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Very large airplanes using alternative fuels ]
are examined in the context of existing and

possible future Air Force missions. Synthetic j
jet fuel (JP), liquid methane, liquid hydrogen,

and nuclear propulsion are the fuel alternatives

II selected for detailed analysis. Conceptual de-

signs of airplanes using each of these fuels were

developed and estimates were made of their life-

cycle cost and life-cycle energy consmription.

Mission analyses were performed to determine

the effectiveness of the alternative airplanes

in strategic airlift specifically arid in the

station-keeping role in general. Results in-

dicate thaL for most military applications air-

planes with gross weights in excess of one

million pounds promise to be superior to any

contemporary airplanes in terms of cost-effec-

tiveness and energy-hydrocarbon jet fuel, whether

manufactured from oil shale, coal or crude oil,

remains the most attractive aviation fuel for

future Air Force use. Policy recomnendations

are made pertaining both to alternative fuels

and to advanced-technolo.qy large airplanes.

Future research and development requirements are

also identified,(see also R-1829-PR). Ref.

(Author) "1"
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PREFACE .. . **,* .,/\

The research described in this report explores the military util-

ity of very large airplanes (over 1 million pounds gross weight) and

examines several alternative fuels that could be used by such airplanes.

The research was conducted jointly by Rand and the Aeronautical Systems

Division of the Air Force Systems Command under the Deputy for Develop-

ment Planning (ASD/XR). L. W. Noggle (ASD/XRL) coordinated the Air Force

elements of the study. W. F. Hederman of Rand examined the safety and

environmental aspects of nuclear-powered airplanes, and R. E. Horvath,

also of Rand, the energv implications of the nu.zlear fuel cycle.

This analysis of the military applications of very large airplanes

is an extension of research initiated in early 1974 at the request of

Rand's Air Force Advisory Group and the Air Force Chief Scientist (then

Dr. Michael Yarymovych), acting in his capacity as chairman of the Air

Force Energy R&D Steering Gro.up. The general objective of this re-

search was to identify R&D programs that, in the near term, would less-

en and, in the far term, perhaps would eliminate the Air Force's total

dependence on aviation fuels derived from petroleum. This researcn is

summarized in J. R. Gebman and W. L. Stanley, with J. P. Weyant and

W. T. Mikolowsky, The Potential Role of Technological Modifications and

Alternative Fuels in Alleviating Air Force Energy Problems, The Rand

Corporation, R-1829-PR, December 1976. That report describes the cost

and energy implications of alternative aviation fuels, implications that

pertain directly to the present work; it als-o liscusses the near-term

technology options for reducing Air Force jet fuel consumption and the

possible longer-tetm benefits of being able to utilize jet fuels (JP)

derived from various primary energy resources (e.g., petroleum, coal,

oil shale).

In mid-1974, the Chief Scientist requested that the initial de-

tailed assessment of alternative aviation fuels be made in the context

of the potential military applications of very large airplanes--a re-

quest that served as the impetus for the present work. Thus not only

energy considerations but also the increased capability which may be

provided by very large airplanes have motivated this research.

LGt
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II The present work was performed as part of a Project AIR FORCE
(formerly Project RAND) applications analysis of very large airplanes
under the research project entitled "Technology Applications Research."

This is the final report on that task.

The research results presented here should assist the Air Force

to formulate policy with respect to future aviation fuel options and

also to develop th- requirements for advanced-technology large air-

planes. The report should be of interest to long-range planners in the

Air Staff and Air Force Systems Command, to future systems and opera-

tional requirements personnel in the Military Airlift Command, Strate-

gic Air Command, and Tactical Air Command, and to the Air Force

laboratories.

* * * * *

Because of the length of this report, some readers may wish to
skip certain sections. For example, readers not interested in analyti-

cal details pertaining to airplane design, cost, and energy consumption

may proceed from Section II to Section VII with little loss of conti-

nuity. It is recommended that such readers also read the first part of

Section IV in order to familiarize themselves with the terminology used

in this report. Appendixes A through G contain technical details of

primary interest to specialists in those areas. Those readers who in-

tend to restrict themselves to the Summary should also consider the

final section, which contains detailed recommendations. The stomary

and conclusions have also been published separately as R-1889/1-AF,

An Evaluation of Very Large Airplanes and Alternative Fuels: Executive A
W, Swu.
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SUMMARY

Air Force interest in very large airplanes (VLAs) is motivated

principally by the potential for increased capabilities that such

vehicles might provide. For example, a recent Air Force study--

New Ho-izons Il--has suggested that the capability to deploy combat

units worldwide, without reliance on foreign bases, may soon emerge

as a definite requirement. Such an operational capability substan-

tially exceeds that provided by any contemporary airplane. Rather,

an airplane with a maximum gross weight in excess of one million

pounds (our working definition of a VLA) may be needed. Given his-

torical trends, airplanes of this size could become operational as

early as 1985.

The widespread recognition of the ultimate depletion of U.S.

petroleum resources further suggests that a very large airplane

might benefit from the employment of a fuel other than a conven-

tional hydrocarbon jet fuel (JP) refined from crude oil. Indeed,

such energy considerations are sufficiently important for the Depart-

ment of Defense recently to direct that the concept of energy-

effectiveness be included with cost-effectiveness when the relative

merit of alternative weapon systems is being judged.

The specific objectives of the present study are to:

o Evaluate very large airplaneE in the context

of existing and potential future Air Force

missions

o Determine the most attractive alternative

fuel for airplanes of this type

Each of the VLAs examined in this work employs a different candidate

fuel, and the candidates include nuclear fuel as well as synthetic

chemical fuels. (We define a synthetic fuel as one that can be manu-

factured from a primary energy resource other than petroleum or natural

pf3Iv)1 pAt LANcYPw ?Iu4IL
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gas.) As a useful benchmark for our evaluation of very large air-
planes, we have included in the analysis a proposed new production i

version, the C-5B, of a contemporary large airplane.

Our analysis provides a framework for formulating policy con-

clusions and recommendations with respect to very large airplanes

and alternative fuels. Appropriate future research and development

activities are also identified.

DESCRIPTION OF THE VLA ALTERNATIVES

A summary description of the VLA alternatives is presented

below. Our view of the desirable characteristics oF VLAs i- given

first, followed by the results of our screening analysis, which
identified the most promising candidate fuels. We then describe =

some important attributes of the alternative airplanes that were

developed and analyzed in this work.

Desirable Characteristics

Candidate applications of very large airplanes include: strategic

airlifter, tanker, missile launcher, tactical battle platform, maritime

air cruiser, and C3 (command, Lontrol, and communications) platform.

The viability of a VLA would be substantially enhanced (in terms of

system cost and flexibility) if a single basic airframe were capable

of performing two or more of these missions. Thus, the objective of this

phase of the analysis was to define the aircraft performance character-

istics which would be compatible with the requirements of these missions

and consistent with the expected state of the art (based on historical

trends) for aircraft entering the inventory in .he 1985 to 1995 time

frame. This was accomplished by identifying the mission that would

most strongly influence airpl3ne design and defining appropriate per-

formance requirements fe this mission, but also including any design

compromises necessitated by the remaining missions.

Our analvis indicated that an airplane primarily designed for

the strategic airlift rol could be most easily adapted to the other

mrission applications. The associated airplane performan ce character-

ltics tho evolved from this analysis are presented in Trable S-i. In
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addition, the airplane must permit the rapid installation of a three-

4 boom tanker mission ki and be able to air-launch vehicles as large

as a 100,000-lb ICBM. (This latter requirement probably implies the

need for a rear-loading capability; consequently, the VLAs incorporate

both front and rear cargo comparement doors.) K

Table S-i

MINIMUM REQUIRED VLA PERFORMANCE CHARACTERISTICS

Characteristic Suggested Value

Design radius
a  ........................... 3,600 n mib

Design payload ........................... 350,000 lbbc

Cargo compartment

Maximum width .......................... 25 ft

Maximum height ......................... 13.5 ft
Length ................................. 220 ft

Cruise Mach number ....................... 0.75 to 0.80

Initial cruise altitude .................. 30,000 ft

Takeoff critical field length ............ 8,000 ft

aOn a radius mission, the payload is off-loaded at the
destination and the airplane flies the return leg without
taking on additional fuel at the destination.

A
bLimit load factor of 2.25 g.

cMaximum payload to be carried on 3600 n mi range mission

at 2.25 g. ;t

[0 These requirements lead to maximum gross weights in the 1.5 to 2.0

'iillion-lb class for JP-fueled airplanes--values thought to be attain-

able between 1985 and 1995.

Screening Alternative Fuels

The candidate synthetic chemical fuels which survived an initial

screening are listed in Table S-2. Other fuel candidates were considered

for inclusion in this list (e.g., acetylene, hydrazine, monomethylamine,
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Table S-2

SCREENING OF ALTERNATIVE FUELS

4 Gravimetric Volumetric Resulting
Heat of Heat of Boiling Airplane

Combustion Combustion Point Gross Weight
(Btu/lb) (Btu/gal) (°F) (million ib)

Synth, ic JP 18,600 121,000 210 1.68

Liquid hydrogen 51,600 30,400 -423 1.22

Liquid methane 21,500 74,500 -259 1.59

Methanol 8,600 56,700 149 >3.5

Ethanol 11,000 76,000 173 >2.5'

Ammonia 8,000 45,600 -28 >3.5

Gasoline 19,100 112,000 257 -

aFor 3600 n mi radius mission with 350,000-lb payload (based on

unrefined conceptual designs).
b Included for reference only.

and propane), but a cursory examination of their characteristics indi-

cated that none was substantially more suitable than those shown--either

in terms of its physical characteristics (e.g., heat content per pound)

or its expected costs.

The six candidate fuels listed in Table S-2 were further screened

by developing rough conceptual airplane designs for each fuel. The re-

suiting gross weights of those airplanes (sized to the previously de-

scribed design point) are shown in the far- right column of Table S-2.

Observe that owing primarily to their poorer heat content per pound,

the alcohols and ammonia are clearly inferior in this application.

Thus, JP, liquid hydrogen (LH2), and liquid methane (LCH4) were

the only chemical fuels retained in the more detailed analysis. To

these, nuclear propulsion was added as 3 fourth alternative.

Refined Conceptual Designs

*- Refined conceptual designs of airplanes using each of the four al-

- ternative fuels were developed by the Air Force's Aeronautical Systems
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Division (under the Deputy for Development Planning). Table S-3 high-

lights some important characteristics of the VLA alternatives--each

designated by the fuel used (i.e., the VLA-JP is the JP-fueled very

large airplane). Figure S-1 illustrates their general arrangements.

(A fifth qiternative--the C-5B--has been included as a benchmark. The

particular C-5B model described here, designated the LG5-193A by Lock-

heed-Georgia, is among the least complex of the several proposed C-5A

derivativesa)

Table S-3

CHARACTERISTICS OF THE ALTERNATIVE AIRPLANES

1~ VLA-

eg Characteristics C-5B VLA-JP LCH4 VLA-LH2 VLA-NUC

Weight (thou.ands of pounds)

Maximum gross takeoff 769 1.839 1864 1275 2660
Operating empty 362 794 872 704 1907
Design payload 216 350 350 350 350

Performance (with design payload)
Range (n mi) 2730 6400 6500 6250 (a)
Radius (n mi) b 1560 3600 3600 3600 (a)
Radius-buddy IFR (n mi) 3110 5680 5570 6530 ---
Radius-buddy/rendezvous IFR
(n mi) 4210 7450 J 7500 8750

aEssentially unlimited range and/or radius capability.
bIn-flight refueling.

Table S-3 reveals that the VLAs provide significant increases in
bcapability compared to the C-SB. However, the VLA alternatives have

aThe C-5B data in this report are based on preliminary Lockheed
estimates. Were the Air Force to procure C-5Bs, the airplane selected
for production would almost certainly differ from the proposed version
used here as representative of a contemporary large airplane.

Performance with in-flight refueling is also displayed in TableS-3. For each alternative, we assume that the airplane is refueled by
*an airplane of the same type (i.e., the VLA-JP is refueled by a tanker-
configured VLA-JP). A "buddy IFR" refers to a single outbound refueling
and "buddy/rendezvous IFR" includes also an inbound refueling. Tanker
and receiver flights are assumed to originate at the same base.
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VLA-JP VLA -LH 2
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Fi.L-A--espctveviw of the alternative airplanes
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such differing characteristics (e.g., the unlimited range/radius of the

nuclear airplane) that a straightforwJard assessmenc of their relative

merit is not possible. Our approach, therefore, has been to develop

life-cycle cost anid life-cycle energy consumption estimates for each

alternative. By determining their effectiveness (through in appropri-

ate metric) in a variety of mission applications, we " examine the

relative cost-effectiveness and energy-effectiveness .,f each aiternat. Fe.

We ,sed methodologies already available in de-.)loping life-cycle

cost estimates. Table S-4 illustrates the results for the VLA alterna-

tives. They are based on the acquisition of an equal number of unit

equipment (UE) aircraft (which could be interpreted as providing "equal

capability" on the design-point mission) and include a representative

peacetime utilization (UTE) rate.

Table S-4

LIFE-CYCLE COST ESTIMATES

(Billions of 1975 dollars)

20-year Total
Acquisition Operating & Life-Cycle

Alternative Costs Support Costs Costs

VLA-JP 15.5 16,4 31.9

VLA-LCH4 16.5 18.8 35.3

VLA-LH 2  13.6 21.3 34.9

VLA-NUC 32.1 24.6 56.7

NOTE: For 112 UE aircraft at 2 hours/day averape
*UTE rate.

Estimating life-cycle energy consumption is less straightforward,

since little appropriate methodology has been previously developed. Our

approach was to estimate the life-cycle total energy consumption, as

illustrated in Fig. S-2. Note that life-cycle consumption is divided

into energy attributed to aircraft acquisition and energy embodied In

the fuel needed for 20 years of operation.

Figure S-2 represents total, rather than just the direct life-

cycle energy consumption. For example, the direct energy consump-

tion for the 20 years of fuel Is simply the energy content of the
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5
. -i-] 20 years' fuel

=U ---- Aircraft acquisition
S4 °

3

0-

. 8

VLA-JP VLA-LCH4  VIA-LH2  VV -NUC -]~i

Fig. S-2 -Life - cycle total energy consumption estimates for
112 UE aircraft at 2 hours/day average UTE rate

(Note: One Quad (i.e., 1015 Btu) is approximately
equal to the energy content of 180 million barrels

of petroleum.) *1
fuel cor,sumed oi. board the airplane. Total consumption, hewever, in-

eludes the energy expended in the fuel supply process /liquefaction,
.. distribution, storage, etc.). Similarly, energy expended in uranium

enrichment, reprocessing, etc. is included. Our energy consumption esti-

mates in Fig. S-2 are based on synthesizing the chemical fuels from coal

(as are our fuel cost estimates). Wc believe this as:;umption is appropri-

ate since U.S. coal reserves exceed (in terms of energy content) the sum

of all other domestic fossil-fuel resources (e.g., petroleum, oil shale,
etc.).

Figure S-2 illustrates the energy intensiveness of the nuclear air-

plane; direct comparisons with the other VLAs, however, are difficult

since a different energy resource--uranium versus coal--is involved. If

nuclear energy were far more abundant than coal, the greater energy in-

tensiveness of the nuclear airplane might be of little significance. In

fact, without a commercialized breeder reactor, U.S. coal reserves exceed

uranium reserves (in term of energy content) by almost an order of
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magnitude; if a breeder reactor were available, this situation would be

essentially reversed.

Interestingly, of the chemical-fueled alternatives, the VLA-LH2 is

the greatest energy consumer. This occurs--despite the liquid hydrogen

airplane's being most efficient in terms of direct energy consumption

(see tables S-2 and S-3)--because of the energy intensiveness of the pro-

cesses by which LH2 is produced, particularly the liquefaction process.

For example, at least 2.6 units of energy must be expended for each unit

of LH2 delivered to the airplane; the corresponding energy ratio for

synthetic JP is about 1.6.

MISSION ANALYSES
To investigate the effectiveness of the alternatives, we analyzed

them in the context of the potential mission applications described ear-

ler. A detailed analysis of the strategic airlift mission provides in-

sights into their utility in the airlifter and tanker roles. The remain-

ing missions, whizh we term station-keeping missions, have been generi-

cally investigated.

' Strategic Airlift Missions
Because of the potential importance of the strategic airlift mis-

sion in providing mobility to general purpose forces, we structured our

analysis of the alternatives on a detailed simulation of the deployment

of Army divisions and their initial support increment- to various parts

of the world. For each deploynent destination both range and radius mis-

sions were examined. (The assumption for radius missions is that fuel

for the airlifters' return flight is either unavailable or at a premium

at the destination.) The scenarios are intended to reflect the spectrum

of missions that would be associated with a requirement that worldwide

deployment be effected without reliance on foreign bases. In some sce-

narios, a certain protortion of available aircraft must provide tanker

support to aircraft serving as airlifters.

Table S-5 summarizes the relative cost-effectiveness and energy-

effectiveness of the alternatives for each of six scenarios. The aver-

age tons per day being deployed was selected as the measure of effective-

ness; cost 2:id energy are represented by the previously discussed
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Table S-5

SUMMARY OF RELATIVE COST AND ENERGY EFFECTIVENESS
FOR STRATEGIC AIRLIFT MISSIONS

Airlift Mission C-58 MA-JP M-Ar.CH4 \%A-LH2 VLAtNUC

Relative cost
NATO range 1 .00 1.06 1.24 1.28] 1.63
NAPr, radius F1.23i 1 1C _.14] 1.46,

Middle East range ,- .84 T 651 18 Li .8 2 .57
Middle East radius .18.52 2.67 2.38 [ .3 2.32
Far East range 1.84 1. - . 2.23]J 3.09
Far East radius .53- 1734 .56 1 ._J 2'.75"

Relative energy
NATO range D 0.1 3 F 0.9 ,'_- 1.74'

NA10 radius -f-E 0.1 0 '.82 P.97'l 1.54

Middle East range Fi, F 1.13 F 1.36 j.19 2.74
Middle East radius 18.52 -0.83 F1.4 T F,..
Far East range ;1. A 1 . ,' I. 1. - 3.
Far East radius 1.53F 0.2 _.14 fj.j 2.93.

m Most attractive , ,- -'; I ntermediate Least attractive

life-cycle parameters. For clarity, the relative cost-effectiveness and

energy-effectiveness parameters presented in Table S-5 ha-,e been normal-

.ized to those of the C-SB in the NATO range scenario. With these defini-

tions, the most attractive alternatives in each scenario are those with

the smallest relative cost or energy consumption; for example, the VLA-JP

is six percent more costly than the C-5B when examined in the NATO range

scenario. The most attractive alternatives, least attractive, and those

of intermediate attractiveness are indicated for each scenario.

Table S-5 is an aid to selecting the alternative that is, overall,

the most attractie. To make this selection, however, one must attach
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some relative importance Lo each of the scenarios, as well as con-

sider cost-effectiveness versus energy-effectivness. Our principal

observations from Table S-5 are that the VLA-JP is generally the most

attractive alternative in terms of both cost and energy. The nu-
clear airplane is substantially inferior to the VLA-JP and neither

of the cryogeniu-fueled alternatives offer significant advantages

over the VLA-JP. Note, however, that if the Middle East radius

mission is discounted, the C-5B is a potentially attractive com-

petitor to the VLA-JP.

Station-Keeping Missions

We have classified the missile launcher, tactical battle plat-

form, maritime air cruiser, and C3 platform applications as station-

keeping missions. The required flight profile in each of these ap-

plications can be characterized by the distance from the base to the

station-keeping point (the station radius) and the station-keeping

duration (the time-on-station).

Some of the rationale for adapting this generic approach is

provided by Fig. S-3 which associates some station-keeping missions

with appropriate station radii. Note that none of the mission re-

quires a station radius greater than about 7000 n mi. Some missions

may require a long station-keeping duration (e.g., ASW) whereas

others, such as the tactical battle platform, suggest much shorter

time-on-station (particularly under wartime conditions when munitions
are being rapidly expended).

An analysis similar to that of the strategic airlift mission was

performed for each of the station radii highlighted in Fig. S-3. Both

short (12 hours) and extended (324 hours) times-on-station were con-

sidered. Life-cycle cost and energy-consumption calculations were

premised on a second aircraft buy. That is, it was assumed that the

first buy would be for airlifters/tankers, and that additional air-

craft would then be procured. Therefore, no R&D costs were associated

with the station-keepers. The maximum payload tonnage that could be

maintained on-station continuously (with the fleet size fixed) was

selected as the effectiveness measure. This choice precludes
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Fig. S-3-Potential station-keeping missions matched with approximate contours
of equal distcnce (nmi) from air bases in the United States and Guam

any insights into the merit of the station-keeping missions them-

selves but does provide an appropriate means for judging the rela-

tive attractiveness of the airplane alternatives when performing

those missions.

A comparison of the resulting cost-effectiveness and energy-

effectiveness parameters revealed that the VLA-jP was the most

attractive alLernative for the smaller station-keeping radii while

the VLA-NUC was the most attractive for those with larger radii.

-- All of the remaining alternatives displayed characteristics signifi-

cantly inferior to these two.
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The relative cost-effectiveness behavior of the VLA-JP and

VLA-NUC is more explicitly detailed in Fig. S-4. (Again, some

400

VLA NU

Most cost-effective

300

oo

16, 200 .:i I ': .i.i"i"Uncertainty , ===============$ =

' 100 -
VLA - JP "i .:.!::

i;: i ~ ~~~~~~~Most cost-effective . , ,, -.,......,

0 1000 M00 3000 4000 5000 6000 MWO
Station radius (n mi)

Fig S-4 LCoparison of the VLA-JP and VLA-NUC

in the stati.,- keeping role

fraction of the VLA-JP fieet serves as tankers.) In terms of

effectiveness, the VLA-NUC is superior only at the very largest

station radii. Within the "region of uncertainty" depicted in

Fig. S-4, either alternative can be argued to be the most cost-

effective--depending on one's perspective (e.g., whether or not

costs are discounted to reflect a time preference for expenditures)

or the operational concept employed.

It is apparent from Fig. S-4 that the VLA-NUC begins to domi-

nate the VLA-JP at station radii greater than 4000 n mi. Interest-

ingly, Fig. S-3 suggests that most of the large-radius missions are

tactical battle platform applications. As noted previously, these

applications imply a limited station-keeping duration; as shown in

Fig. S-4, shorter time-on-station tends to be an unfavorable result

for the VLA-NUC.
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POLICY CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and associated recommendations per-

taining to alternative fuels and very large airplanes stem from

the above analysis.

Conclusions

Regarding the most attractive fuel alternative:

o Overall, a conventional hydrocarbon jet fuel

(derived from eiLher petroleum, oil shale, or

coal) remains the most attractive fuel for I
; military aircraft.

o Liquid hydrogen and liquid methane will offer

little potential as military aircraft fuels,

at least, until U.S. petroleum, oil shale, and

coal resources are approaching exhaustion.

Associated analyses suggest that coal reserves

will not be significantly depleted before the

second quarter of the next century.

o Nuclear propulsion for aircraft is only attrac-

tive for station-keeping missions requiring

large station radii (greater than 4000 
n m).a

Regarding the potential of advanced-technology very large air-

planes compared to con.emporary airplanes:

o Very large airplanes may ,.ot be substantially more

cost-effective for some- L.rategic airlift mission

applications.

Modification of design constraints imposed upon the VLA-NUC
could enhance Its attractiveness. Specifically, allowing the nu-
clear airplane to take off and land with the reactor in full-power
operation (perhaps with some assistance from chemical fuel) coule
result in a substantial reduction in gross weight. On the other
hand, much uncertainty exists in the weight estimates of the nuclear
reactor system. For example, more stringent crash containment
criteria might result in a still heavier reactor system.
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o If a worldwide deployment capability (without

reliance on overseas bases) is required, then

the attractiveness of very large airplanes is

manifest--particularly, if fuel availability

at the destination is uncertain.

o For station-keeping applications, very large

airplanes are clearly superior, and this

superioriL, becomes increasingly dominant

with large station radii. (Of course, the

increased vulnerability attributable to per-

forming a given mission with a small number of

large airplanes will somewhat lessen the

strength of this conclusion.)

Note, however, that we have not concluded that the design constraints

(range, payload, etc.) used in our analysis form a definitive require-

ment for an airplane of this size. Rather, the analytical results sug-

gest that an advanced technology airplane with significantly greater

capabilities than those of any existing equipment is a promising future

option. The ultimate resolution of how large such an airplane should

be, and what capabilities it should possess, must await further analyses.

We believe that these conclusions are substantially strengthened

by our analytical approach. We resolved uncertainties in favor of the

cryogenic and nuclear-fueled very large airplanes rather than the JP,

and in favor of the C-5B rather than the VLAs. That the VLA-JP still

appears to be the most attractive alternative is, in our view, a power-

ful result.

Recnrmendations

Regarding alternative fuels:

o The Air Force should not actively conduct R&D aimed at the

introduction of cryogenic fuels for military aircraft

scheduled to enter the inventory before the end of the

century.
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o Nuclear propulsion should only be pursued if firm mission

requirements emerge for a large-radii station-keeping

capability and if research has demonstrated that public

thsafety can be assured.

o The Air Force (and the Department of Defense) shouJl take
~aggressive action to assure the future availability of JP

for military aircraft.

Regarding advanced-technology large airplanes:

o The Air Force should maintain a strong and active inter-

Fest in advanced-technology large airplanes.

o Further study is needed to identify the optimum design

constraints for military applications.
So The possibility of a compromise aircraft--one that would

meet the requirements of commercial air cargo operations

as well as military requirements (particularly for stra-

tegic airlift)--should be exploreda

o Analyses addressing in greater detail the desirability of

and need for the various station-keeping missions appear

appropriate.

o Areas of research which may benefit advanced-technology

large airplanes include:

-- Propulsion (turbine engine technology, propfans)

-- Aerodynamics (laminar flow control, thick supercriti-

cal wings)

-- Structures (composites, aeroelastic effects of high

aspect ratio wings)

Of course, any such Air Force technology R&D activities should aim to

be cognizant of and complement related NASA work on fuel-conservative

aircraft technology.

asuch a study is presently being sponsored by the Air Force's Aero-

, nautical Systems Division tinder the Deputy for Development Planning.

>1 ---
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I. INTRODUCTION

The primary purpose of this report is to present a detailed com-

parison of alternatively fueled very large airplanes in the context

of a spectrum of Air Force missions. The research it describes was

jointly performea by Rand and the Aeronautical Systems Division

(ASD/XR) of the Air Force Systems Command.

In this introductory chapter we will discuss the events that

motivated this inqkiry, state our research objectives, and outline the

structure of the report.

BACKGROUND

Many factors, most of them having their origin in the 1973 Middle

East war, provided the motivation for the present study. Although

ultimately all of them can be regarded as relating to U.S. national

security, these can be broadly categorized as military-related or

energy-related. We shall discuss these categories separately, but it

should be realized that in certain areas there is considerable overlap.

Military Considerations

Between October 13 and November 14, 1973, aircraft of the Military

Airlift Command (MAC) delivered 22,497 tons of equipment and supplies

to Lod Airport, Tel Aviv, Israel. Both the C-141A and C-5A aircraft

participated in this airlift. Of the total tonnage delivered, C-5As

carried 10,757 tons (iii 147 sorties) and C-l4lAs the remainder (in

422 sorties) [I].

Although it accomplished its primary objectives, this exercise

revealed several potentially dangerous shortcu'.ngs in U.S. strategic

airlift capability--particularly for long-range missions. Specifically,

it revealed that we might be denied overseas bases or overflight rights

and that fuel for the return flight at the aerial port of debarkation

(APOD) might be unavailable or of very limited availability.

Denial of Overseas Bases or Overflight Rights. To a great extent,

overseas bases and overflight rights were both denied to us du'lng the

- _
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f1973 aiilift. In the United Kingdom, Spain, Italy, Greece, and

ITurkey, the United States could not obtain diplomatic clearance to
use bases which MAC usually used. Furthermore, all aircraft partic-

ipating in the airlift were forbidden to overfly any land mass. In

consequence, the only en route base available for refueling was Lajes

Field in the Azores (Portugal), and the route through the Mediterra-

nean had to have numerous zigzags. The fEw flights that originated

in West Germany had also to be routed through Lajes.

At the time of writing, Portugal's political future can only

be described as uncertain. In recent months, however, her leaders

have indicated that the use of Lajes as an en route base for air-

craft participating in operations in the Middle East may also be

forbidden. Had this situation arisen in the 1973 war, the likeli-

hood of a successful U.S. airlift operation would have been small.
L~ii At that time, neither the C-SA nor the C-141A was equipped to accept

a
in-flight refueling. If all aircraft had been required to fly

direct from Dover AFB, Del., to Tel Aviv without in-fl'ight refueling,

maximum payloads would have been reduced for the C-5A from 108 tons

to about 50 tons and for the C-141A from 34 tons to less than 10 tons

[3,4]. Clearly, such a reduction in capability would hnave greatly

debilitated the effectiveness of the airlift operation.

Today, of course, the use of in-fli-ht refueling would allow the

C-5A to carry its maximum payload to Israel without relying on en route

bases. Such an operation, however, is not necessarily straightforward.

€ Each outbound C-5A sortie will require an in-flight refueling from a

cell of three or four KC-135As In order to reach Israel with the maximum

payload. A substantial number of Strategic Air Command (SAC) tankers

would thus be required to support such an operation. (See Section VII

for an expanded discussion of tanker requirements.)

Unavailability of Fuel at the Destination. The situation de-
scribed above (i.e., denial of basing rights) could be greatly

aToday, all C-5As have been modified to allow for aerial refueling.

The C-141AS may also be so modified in the future, as a part of the
fuselage stretch program [2].
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aggravated if fuel is either unavailable or in limited supply at the

destination. Such a situation could arise if the fuel supply system

were interrupted (e.g., maritime interdiction of seaborne tankers)

or if the available fuel were required for tactical aircraft opera-

tions in the battle area.

For example, in the Israeli airlift, the total amount of fuel

required for the return leg (from Lod to Lajes) exceeded the amount

of equipment delivered by almost 2000 tons. Had this fuel not been

available, the aircraft would have been required to fly radius mis-

sions between Lajes and Lod--in other words, depart from Lajes with

a full fuel load, off-load equipment at Lod, and return to Lajes with-

out any refueling. Again, the performance of both airplanes would

be seriously degraded--their maximum payloads would be reduced to

about what they could carry in nonstop Dover AFB to Tel Aviv flights.

If overseas bases are denied and fuel is not available at Lod

for the return leg, the C-5A (or the C-141A, if modified to allow

for in-flight refueling) could only carry significantly reduced pay-

loads to Tel Aviv--but this would require a maximum aerial refueling

effort by KC-135As.

NATO Deployment Requirements. That the C-5A and C-141A aircraft

lack impressive performance capabilities for the Middle East airlift

mission should not be surprising. The characteristics of both air-

planes make them most suitable for strategic airlii operations in

support of a NATO contingency. However, even in this instance, addi-
tional capability may be desired to lessen the time needed to deploy

preinforcement divisions in a conventional NATO war [5].

The existing MAC fleet would require more than 80 days to deploy

eight divisions and their initial support increments from the United

States to NATO. If fuel is at a premium at the destination, the MAC

fleet, consisting of 70 UE (unit equipment) C-5As and 234 UE C-14lAs,

would require tanker support by more than 125 KC-135As.a

aAn expanded discussion of NATO deployment capability is presented
in Section VII.

Ll,
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Realizing the need to enhance U.S. strategic airlift capability,

k former Secretary of Defense James Schlesinger suggested that an

appropriate goal would be the capability to deploy an alrerage of

one division per week to NATO [6]. To achieve such a capability

today would require additional USAF transport airnlane capability

(either by enhancing the capabilities of the exJ ng fleet or by

acquiring additional aircraft) and a greater reliance on aircraft

in the Civil Reserve Air Fleet (CRAF).

Other Missions. Thus far, our discussion of the study's back-

ground has concentrated on the possible need for enhancing--and, in

the long term, maintaining--U.S. strategic airlift capability. But

an airplane suitable for use in the airlift role could also be em-
ployed in a variety of other missions.

Many organizations have suggested both strategic and tactical

missions. Examples of the strategic application include airborne

missile launchers [7], tanker support for strategic bombers, and

airborne command posts. Typical tactical missions are the tactical

battle platform for launching either manned fighters or remotely

piloted vehicles (RPVs) [8,9], various maritime missions such as

antisubmarine warfare (ASW) or sea-lane control [10], and as a

platform for Airborne Warning and Control Systems (AWACS).

Clearly, a very large airplane is a candidate for any of these

missions as well as for the strategic airlift mission.

Energy Considerations

In addition to the national defense implications of the 1973

Middle East war, related events graphically illustrated some of the

energy problems facing the United States--the vulnerability of the

United States to o-l embargoes, the possibility of shart increases

in fuel costs, the depletion of domestic crude oil resources, and

the issues associated with making a transition to other energy sources.

Vulneiability to Oil Embargo. In late 1973, thb Arab members of

OPEC (Organization of Petroleum Exporting Countries) instituted an

embargo on crude oil exports to the United States and severai nations

in Western Europe. By the time the embargo was lifted ;n early 1974,
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the petroleum supply shortfall in the United States was estimated

to be about 14 percent. Most consumers recall the principal impact

of the embargo to be exceedingly long queues at gasoline pumps.

However, impacts throughout the economy were severe. The Federal

Energy Administration has estimated that the embargo caused a $10

to $20 billion drop in gross national product and. at its peak,

resulted in 500,000 additional people being unemployed [11].

The impact of the 1973 embargo on the Department of Defense

(DoD) was perhaps less dramatic, but nonetheless significant. Dur-

ing the period of the embargo, the Defense Supply Agency (DSA) ex-

perienced difficulty in obtaining needed quantities of jet fuel [12].

Despite reduced jet-fuel consumption resulting from lessened flying

activity, the difficulty DSA encountered required a substantial draw-

down of pre-positioned war resources. The situation was not alleviated

until provisions of the Defense Production Act were invoked in November

1973. Indeed, the precipitous decline of DoD energy consumption (from

an average of 773,000 barrels per day in FY 73 to about 550,000 barrels

per day in the fall of 1974) was not reversed until the first deliver-

ies were made under the Defense Production Act.

Besides these very real problems associated with an oil embargo,

the Air Force, as a particularly visible consumer of energy, might,

in a similar situation, be perceived by the public as a consumer of

petroleum supplies that more properly should be diverted to domestic

use. Of course, the importance of this perception is very much related

to the magnitude of the supply shortfall and concomitant dislocations

in the domestic sector.

Increased Fuel Costs. Before the 1973 embargo, oil imported from

the Persian Gulf was priced at approximately $4.65 per barrel. After

the embargo was lifted in the spring of 1974, the average price was

approximately $11.00 per barrel [12], and since then has been increased

by OPEC to about $14.00 per barrel.

The impact on the Air Force budget of these increases has been

somewhat smaller since the input crude oil is drawn from domestic a .

well as Imported sources. The price per gallon (to the Air Force) of



6

JP-4 a has increased from 11 cents in June 1973 to 35 cents in July

1974. In July 1975, the average price was about 42 cents per gallon

[13]. These increases represent nearly a quadrupling of the cost

of jet fuel to the Air Force in only two years.

The impact on the budget has been no less severe. Even with

savings from conservation (including reduced flying activity), the

two supplemental requests by DoD for petroleum totaled almost $1

billion in FY 74.

Depletion of Domestic Crude Oil Resources. In addition to

the energy-related problems discussed above, the events surround!ng

the 1973 Middle East war also served to increase the level of aware-

-ness of our long-term energy problems. The most visible long-term

problem, and the one commanding the greatest attention, is the im-

pending depletion of domestic reserves of crude oil.

That domestic crude oil resources will eventually be exhausted

is undeniable; one of the critical issues, of course, is the rate

of exhaustion. The U.S. Energy Research and Development Adminis-

tration's (ERDA's) latest estimates for domestic oil production

is illustrated in Fig. 1. Note that with enhanced recovery tech-

niques, and by including Alaskan North Slope oil, production can

be maintained at or near the 1970 level until t e beginning of the

1990s [14].

To appreciate fully the implications of Fig. 1, the demand

for energy through the end of the century must also be considered.

The level of demand clearly depends on many factors--including the

domestic energy supply. ERDA has attempted to explore the range of

future energy requirements by forecasting energy consumption for

Six different scenarios or "energy futures"; this projection is

JP is the military designation for Jet fuels currently refined
from crude oil; as described later in this report, JP can also be
synthesized from coal or oil shale.

bEach scenario represents an emphasis or a selected technology

or combination of technologies.
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shown in Fig. 2. These forecasts for the year 2000 range from a

low of 120 Quads (quadrillion or 1015 Btu's)a to a high of about

170 Quads compared with a total consumption of about 71 Quads in

1975. Total U.S. energy use has been projected by others to be as

high as 225 Quads in 2000 [15].

Despite the uncertainty in future energy supply and demand,

* one fact emerges clearly. In 1975, nearly 50 percent of total

U.S. energy demand was met by petroleum, with domestic petroleum

resources accounting for about one-third of the total. Figure I

indicates that, at best, domestic petroleum production will remain

nearly constant (at about 22 Quads per year) through the remainder

of the cenLury. Thus, to meet the energy demand levels shown in

aThe energy content of 180 million barrels of petroleum is
,'.approximtely equal to one quadrillion (I.e., 1015) Btu's.
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hg. 2- Projected total U.S. energy consumption [1V]

Fig. 2, the United States must begin to rely much more heavily

on energy resources other than domestic petroleum. To date, much

of this excess demand has been met by increasing petroleum imports.

Making the Transition to Nonpetroleum Energy Resources. Before

discussing the inevitable transition from primary reliance on petro-

leum to reliance on other energy resources, we believe it useful to

indicate the time frames that are being considered. For this purpose,

we use the terminology recently suggested by Naill [16], who divides

the growth of U.S. energy consumption into three periods.

o Historical Period--Characterized by an exponential

growth in energy consumption, a growth predicated

on the exploitation of coiventional low-cost energy

resources such as crude oil and natural gab.

, j .
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o Transition Period--Begins with the approaching

depletion of conventicnal resources and ends when

energy demand is largely satisfied by ultimate

energy resources.

o Stable Perioa--Energy demand is satisfied by non-

depletable an,1 relatively pollution-free ultimate

energy resources. Total energy requirement is

moderated by a stabilization of population growth.

From our earlier discussion, we can be relatively certain that the

United States has already entered the transition period. But before

describing that, we will first discuss the stable period.a

A consideration of the foreseeable technology dictates that the

most likely ultimate energy resources are controlled thermonuclear

reactors (i.e., fusion) and solar energy (including wind energy, energy

from the biomass, etc.). The prospects for controlling the fusion

reaction are uncertain but promising. However, even the most opti-

mistic assessments do not suggest the commercialization of the tech-

nology before 2000 [17). Solar power has a somewhat different future.

Today, many situations exist in which solar energy can be economically

exploited--for example, to heat water for residential use [I). Be-

fore such applications (including residential space heating and cool-

ing) can make an appreciable contribution to meeting total energy demand,

several decades must pass in which emphasis is placed on the construc-

tion of homes using solar energy or retrofitting existing buildings
with solar energy devices. Advanced applications of solar energy,

such as an economical central-station power plant, require technology

beyend today's state of the art. To sumnarize, the stable period is

not likelv to be;in before 2000; it will probably not fully arrive

until at least the middle of the next centurv.

awe are assuming, perhaps heroically, that the stable period will

eventually come into being. Manv other s:enarios can be envisioned
that halt or reverse the exponential growth in energv consumption.
but, since most portend doom or catastrophe, they seem inappropriate
for rational planning. In our 'ew, the transition scenario described

=in this work is, at least qualiltativelv, the most sensible.
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Our immediate problem is how do we get there from here. In

the transition period, greater reliance will have to be placed on

more abundant, though nonrenewable, energy resources. Without

doubt, coal and uranium are the two most abundant economically

recoverable domestic energy resources [14] and will clearly play

important energy roles in the transition. To illustrate, Fig. 3

is a recent projection of primary energy resource consumption

200j

A
1150

0I

100

,,U,,CA

Shale oil

Domsic crude

1974 1977 190 1963 1966 1989 1992 1995 1996 2001

Calendar year

Fig. 3-Projected total U.S. energy supply [151

aReference 19 contains a more detailed description of the avail-
ability of nonpetroleum energy resources. (See also Section VI.)
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through the year 2000. Note that the total energy production in

2000 (about 150 Quads) shown in Fig. 3 is consistent with the range

of demand forecasts displayed in Fig. 2. The specific energy sce-

nario shown in Fig. 3 presumes a moderately heavy emphasis on syn-

thetic fuels from coal and oil shale--with these resources (as

liquids and gases) accounting for nearly 25 Quads in 2000. Note

also the growth in nuclear power included in Fig. 3. The contri-

bution of coal and uranium to the total supply is shown to increase

from less than 20 percent of total energy production in 1975 to more

than 50 percent In the year 2000. a

Figure 3 is not intended to reflect the most likely or the most

attractive scenario for the transition period. Rather it has been2

included to illustrate how patterns of U.S. energy production (and,

consequently, energy consbmption) might emerge in the next several i

decades. Our main message is that in the future petroleum and natural

gas resources are not likely to expand, whereas the use of coal and/or

uranium will almost assuredly increase.

ORIGINS OF THE PRESENT STUDY

Thus, the events of the 1973 Middle East war had significant

effects on Air Force operations, and since the war, the marked in-

creases in the price of jet fuel and the difficulty of obtaining fuel

during the embargo have underscored the seriousness of the energy

situation.

Early in 1974, Rand's Air Force Advisory Group (AFAG) requested

that Rand examine the implications to the Air Force of the emerging

world energy situation. Consideration was to be given to both near-

term and long-term problems. The initial efforts of this study con-

centrated on the attractiveness, in terms of cost as well as energy,

an Fig. 3, total imports of crude oil and natural gas are pro- '1

jected to be nearly constant through 2000. Note thac an alternative
to expanded reliance on coal and uranium is to expand the quantity of
imports. Such a policy might be unacceptable because of the threat of

-future oil embargoes as well as the possibility of capricious changes
in the price of imported oil.
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ot variouz technological options (e.g., engine retrofitting) that

could be employed to reduce Ohe jet fuel consumption of the exist-

Ing Air Force fleet [19]. For the longer term, the possible use of

alternative fuels derived from primary energy resources other than

petroleum or naturol gas was seen to be of obvious interest.

Alsc early in 1974, the Vice Chief of Staff directed the Air

Force Chief Scientist, then Dr. M. I. Yarymovych, to "organize and

chair a Steering Group to develop the research and development plans

and to monitor studies on the long-range implications of the energy

shortage upon the Air Force's ability to carry out its mission."

The resulting "Air Force Energy R&D Steering Group" was charged [201,

among other things, with making:

o Projections of the usage of synthetic fuels

and definitions of their desirable character-

istics.

o A review of potential new propulsion systems,

both those using synthetic fuels and those

using nonhydrocarbons, including hydrogen.

o Conceptual analysis of new systems using non-

hydrocarbon fuels.

Preliminary results of Rand's analysis of the near-term technological

options and its research plan for e:amining the longer-term alter-

native fuels option were brieed. co the SLering Group in the spring

of 1974 [19].

In mid-1974, Dr. Yarymovych I*Jq'l the initial detailed

evaluation of the alternative fuels be made in the context of various

mission applications of very large airplanes. The primary motivation

for this approach, as should be clear from our earlier discussion, was

the potential need for an airplane with greater range and/or endurance

capability than contemporary equipment. Furthermore, previous studies

had indicated that many of the candidate alternative fuels (e.g.,

liquid hydrogen (21] or nuclear propulsion (10]) would be most attrac-

tive for applications in very large airplanes.
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The analysis of mission applications of very large airplanes

was jointly conducted by Rand and the Aeronautical Systems Division

(under the Deputy for Development Planning, ASD/XR). This arrange-

ment permitted maximum use to be made of ASD's extensive computer-

aided airplane design capability.

The final report of the Air Force Energy R&D Steering Group

contained a recoirnendation that also influenced the present work.

Specifically, it recommended that energy-effectiveness be made a

consideration in weapons system acquisition [20).

In the words of the report:

Owing to the rising cost of energy and its impaci.
on life-cycle costs, the most cost-effective alterna-
tive now may also be the most energi-effective. In
some cases, however. oct benefits to be derived from
energy savings will not significantly affect the cost- Ai

effectiveness; and thus, where cost and energy concerns
are divergent, one must decide which alternative will
produce the greater benefit to the nation.

This recommendation was subsequently endorsed by the Secretary of

Defense in the Phase II Report of the Defense Energy Policy Council

[12]. Thus, the concept of energy-effectiveness has been included in

the present study.

In addition, the recent New Horizons II study has emphasized

that consideration should be given to the potential of very large

airplanes satisfying the kinds of mission requirements we described

earlier (22].

STUDY OBJECTIVES

The principal objectives of the study were to:

o Evaluate very large airplanes in the context of

existing and potential future Air Force mi.sions.

o Determine the most attractive alternative fuel for

airplanes cf this type.

k .
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With those specific objectives accomplished, it was also possible

to identify promising avenues for future research and development.

The first study objective is to compare various very large air-

planes using alternative fuels in a wide spectrum of mission appli-

cdLions. For this study, we have de~ine& a very large airplane as

one with a gross weight in excess of one million pounds. Gross

weights of this magnitude are commensurate with what can be expected

of airplanes that might become operational in the 1985 to 1995 time

frame [23]. To enhance the comparison and provide a useful benchmark,

we have included a contemporary large airplane, the C-SB, in our mis-

sion analysis. No attempt has been madE to compare the alternative

very large airplanes with other means of accomplishing the same mis-

sion. For example, one of the missions we have examined is the stra-

tegic airlift of Army equipment fcr NATO reinforcement. Other alter-

natives which could be considered are sealift or pre-positioning of

equipment. In spite of this limitation in scope, we believe that the

study results provide meaningful insights into the potential of very

large airplanes for the mission appl±cations examined.

The second objective is to determine the most attractive alter-

native fuel for very large airplanes. A wide variety of chemical fuels

as well as nuclear propulsion have been considered as possible alter-

natives. Of course, we are mainly interested in fuels that can be

derived from a primary energy resource other than petroleum or natural

gas. Indeed, all of the chemical fuels included in our detailed anal-

ysls can be synthesized from coal. Note that each of the resulting

alternatives (chamical fuels from coal or nuclear propulsion using

uranium) is premised on primary energy resources that are expected to

become increasingly important during t e next fifty years.

ORGANIZATION OF THIS REPORT

Candidate mission applications for very large airplanes are dis-

cussed in Section II; mission requirements are identified which, in

turn, define t.e desirable airplant performance characteristics.

Section II1 presents a screening of the available chemical fuels; this

screening limited our more detailed analysis to only JP, liquid methane,
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and liquid hydrogen, as well as nuclear propuJslin. In Section IV,

the Important characteristics of the refinee c.aceptual airplane

designs developed by ASD are described. Life-cycle costs are dis-

Section VII contains the results of our detailed analysis for the

strategic airlift mission. A similar comparison for various station-

keeping missions is presented in Section VIII.

The conclusionz 2re delineated in Section IX. Finally, in

Section X, the recommendations on future research and development

are presented.

The main text is supported by a number of appendixes. Details

of airplane design and propulsion system design are contained in

Appendixes A and B, respectively. Appendix C discusses the perfor-

mance of the chemical-fueled airplanes with aerial refueling. Details

of our estimates of life-cycle costs are included in Appendix D; cost

and energy consumption aspects of the nuclear fuel cycle are discussed I

in Appendix E. The strategic airlift mission analysis backup is con-

tained in Appendix F with similar material in Appendix G for the i
station-keeping missions. Appendix H discusses some of the important

auxiliary issues (i.e., issues other than cost,, energy, and military

effectiveness) associated with the alternatives, and Appendix I pre-

sents a brief discussion of some of the unique problems associated

with nuclear-powered airplanes.
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II. DESIRABLE VLA PERFORMANCE CHARACTERISTICS

Wm : begin this section with a brief description of the candidate

mission applications of very large airplanes. We then identify the

mission or missions that serve as constraints in defining the desir-

able airplane characteristics, on the assumption (for purposes of

the present work) that the design of the very large airplane should

provide for a multimission capability. The remainder of the section

is devoted to defining some capabilities desired in very large air-

planes and identifying the associated design constraints.

CANDIDATE MISSIONS

The potential military applications of very large airplanes en-

compass a wide variety of mission types--some of them routinely flown

tby the Air Force today, others merely suggested by various organiza-

tions for consideration in future force structures. Below are the

candidate roles regarded as most likely for very large airplanes.

1. Heavy airlifter

2. Tanker

3. Missile launcher

4. Tactical battle platform

5. Maritime air cruiser

6. Command, control, and communications platform (C3)

Each of these missions is discussed below, together with some of the

performance requirements they suggest.

Heavy Airlifter

The first, and perhaps most obvious, role for the very large

airplane is as a heavy airlifter. We should dIfferentiate between two

aln subsequent sections of this report, candidates 3 through 6

"- are referred to as "station-keeping missions."

4
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types of airlift--strategic and tactical. Today's strategic air-

* lifters are the C-5A and the C-141A; various models of the C-130

provide most of the U.S. tactical airlift capability. Very large

airplanes appear to be applicable only to the strategic airlift

mission.a

The very large airplane can be envisioned as the eventual re-

placement for the C-5A (and perhaps the C-141A). As such, a capa-

bility to carry outsized equipmentb (e.g., main battle tanks, large

helicopters, etc.) must be provided. In addition, however, cargo

compartment size and shape should be compatible with palletized loads,

as well as air/surface intermodal containers. This not only enhances

the utility of the airplane for resupply missions but also leaves

open the possibility of a derivative airplane's being employed as a

commercial air freighter. Of course, as a commercial airplane in the

Civil Reserve Air Fleet, this VIA variant would have the potential to

enhance military airlift capability still further.

Tanker

The second candidate listed is the tanker mission. Several

somewhat different potential applications should be considered.

These include:

a The C-5A originally was intended to serve in both strategic and

tactical roles and, for example, was provided with a soft-field land-
ing capability. Experience has shown, however, that the requirements
of strategic and tactical airlift are essentially incompatible. At
present, no plans exist to use the C-5A as a tactical airlifter.

The view that strategic and tactical requirements are incompat-

ible has been reinforced by recent consideration of the possibility
of employing some of the longer range versions of the C-130 (e.g.,
the "E" model) to augment strategic airlift capability. The relatively
limited range of a tactical airlifter seems to preclude its substan-
tially enhancing strategic airlift capabilities. However, future
versions of the proposed advanced medium STOL (short takeoff and land-
ing) transport, AMST, may provide a supplemental strategic capability.

bOutsized equipment is presently defined as equipment that is
too large to be loaded into a C-141A. We will later expand on this
point.
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o In-flight refueling of strategic airlifters

o In-flight refueling of strategic bombers

o In-flight refueling of tactical fighters (either

during fighter deployments or for extending endur-

ance in tactical operations)

o Emergency delivery of aviation fuel for contingency

operations

Such tanker missions are being routinely flown today by KC-135As and

KC-97s. Note that the relatively high density of JP-type fuels

(usually more than '0 pounds per cubic foot) suggests that tankers

will invariably be weight-limited rather than volume-limited as is

often the case for heavy airlifters. (Some types of Army equipment

often average much less than 10 pounds per cubic foot.)

Missile Launcher

An offensive-missile launcher is the next mission candidate.

In this instance, two possibilities exist: a strategic carrier for

launching intercontinental ballistic missiles (ICBMs), or a standoff

carrier of air-launched cruise missiles (ALCMs) for either strategic

or tactical operationsa

Most strategic concepts in this category suggest the desirability

of an airborne alert as a means of increasing survivability. The air-

*borne alert can either be maintained continuously (though perhaps at

levels below maximum capability', or be employed only during contin-

gencies, with some of the missile launchers usually being maintained

on ground-alert in peacetime.

In general terms, the missile launcher mission has different

characteristics for the two types of weapons. For ICBMs, the range

and penetration characteristics of the missile may permit the airplane

to maintain the airborne alert while loitering relatively close to the

home airfield. ALCMs, on the other hand, penetrate at low level and

aThe differ,nce between this tactical application and the tactical
battle platform (discussed next) is that, in the latter instance, the

intention is to control and retrieve the launched vehicle&.
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have a comparatively limited range. Thus, the carrier airplane must

cruise to an appropriate standoff range before commencing the loiter

phase of the mission. Depending on the location of the home base and

considerable distance (see Section VIII). Because of these loiter

requirements, the endurance characteristics of the airplane need to

be considered along with its range characteristics. Of course, the

loiter phase is only important when the weapon system is being em-

ployed in an airborne alert context (e.g., a show of force). In a

wartime situation, missile launching would likely commence as soon as

the standoff range is achieved.

Tactical Battle C.Latform

The fourth candidate role for very large airplanes is the tac-

tical battle platform. The weapons system launched (and retrieved)

by the platform could be remotely piloted vehicles or manned micro-

fighters. Alternatively, an advanced weapons platform (e.g., high-

powered lasers or particle-beam systems) should be included as a possi-

bility for this mission role. In any case, the command and control

function would probably be located on the launch platform.

The type of mission profiles flown by the platform is dependent

on the distance between the home airfield and the area of tactical

operations. If the distance is quite large, the cruise-to-station

phase of the mission could be important. In any case, the tactical

battle platform would be required to loiter on-station for some period

of time--at least from launch until recovery.

If the objective of the mission is a "show of force," then the

required loiter time could be substantial. On the other hand, if the

battle platform is actively engaged in tactical operations, loiter time

is likely to be limited by the need to replenish consumables (e.g., fuel

for RPVs, munitions, etc.); relatively brief loiter times can be en-

visioned in this case.
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Maritime Air Cruiser

We have included several potential maritime roles in this

category. The most significant are:

o Antisubmarine warfare missions

o Picket defense missions

o Sea-lane control missions

All of these missions have certain common characteristics: The loiter

periods (or, in the case of ASW, tracking periods) would probably be

of long duration and, during loiter, the characteristic distances

from land bases will generally he less than 2000 n mi.

Note that considerable overlap exists between the maritime mis-

sions and certain of the previously discussed missions. For example,

the sea-lane control missions could be regarded as an application

of either the tactical battle platform or the ALCM launcher.

Command, Control, and Conmunications (C3) Platform

The final role listed is the C3 mission. Obvious examples of
ai ,this type are the airborne command post and the airborne warning and

control system (AWACS) missions. The former is today being performed

by versions of the Boeing 747 and KC-135, while a derivative of the

Boeing 707 airframe has been proposed (and is currently in production)

for the latter.

Again, the characteristics of the mission profile for these

applications depend on specific operational concepts. In almost all

cases, however, extended loiter times are required.

MULTIMISS ION CONS IDERATIONS

Several different airplane configurations could be envisioned ;)r

satisfying the needs of the missions we have just described. For the
present 8t-4, however, we have chosen to define a configuraticn that

ais compatible with the requirements of all of these miesions.

Except, as noted, the very large airplane does not appear to

be suitable for tactical airlift.
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Two very important cost considerations account for this approach.

First, the development costs of any next-generation large airplane A

are expected to be substantial. The nonrecurring development costs

for the C-5A exceeded one billion dollars (in 1975 dollars). Indeed,

our own estimates suggest that the total development costs of a very

large airplane could exceed three billion dollars. Clearly, if more

than one of the potential missions emerge as definite requirements,

enormous savings in development costs would result if the same basic

airplane could be employed (see also Section VIII). We are, of course,

not the first to recognize the potential savings which can be attrib-

uted to possessing an airplane with a multimission capability [24].

A second, and no less important, cost aspect is the lower aver-

age unit flyaway cost that results from buying a greater number of

airplanes. For example, if the average unit flyaway cost for 50

airplanes is 75 million dollars, a typical average unit cost of

about 54 million dollars could be expected for 200 airplanes--

assuming an 85 percent slope for the cost-quantity curve. (For spe-

cific details relating to the airplanes examined in the study, see

Appendix D.)

To provide a multimission capability, the varying requirements

of the candidate missions must be considered. One approach is to

envision the design that emerges if an airplane is conceived that

fully satisfies the requirements of a particular mission. The per-

formance of this design in the other missions would then be tested.

By repeating the process for each candidate mission, the constraining

mission could be identified.

STRATEGIC AIRLIFT--THE CONSTRAINING MISSION

Our analysis has indicated that a very large airplane designed

primarily as a strategic airlifter would be capable of performing any
a

of the candidate missions. Below, we describe a representative set

aSome thought will reveal that an airplane designed for any of the

other candidate missions would lack such a capability. For example, the

- cargo compartment of an airplane designed specifically for the tanker

mission would almost certainly be unsuitable for airlifting outsized
equipment.



of desirable airplane characteristics that will be commensurate with

the present objectives. The principal characteristics which must be

defined are:

o DLasgn range

o D* ;tgn payload

o Cargo compartment dimensions

o Cruise conditions

o Airfield considerations

-- Takeoff distance

-- Landing distance

-- Runway bearing

When conflicts exist between strategic airlift mission requirements

and readily identifiable requirements of some other mission, our reso-

lution of the conflict will be explained.

Design Range

Before selecting an appropriate design range, a brief digression

to define some terminology will prove useful. Figure 4 illustrates

the typical shape of the range-payload curve for a chemically fueled

airplane. The X-point represents the range with maximum payload,

where the structural limits of the airplane determine maximum payload.

As one moves down the curve from the X-point to the Y-point, payload

weight is exchanged for fuel weight, and range (at reduced payloads)

increases. The Y-point corresponds to the condition in which all fuel

tanks are full; further reductions in payload therefore result in only

a relatively small increase in range (the solid line rather than the

dashed). Of course, depending on the specific airplane design, the

Y-point can go to a zero payload condition (hence the dashed line to

the range axis). Note that the gross takeoff ttight between the

X-point and the Y-point will always be equal to the maximum gross

takeoff weight.

Generally, an airplane is sized by selecting a single point

representing the desired design range and design payload, and usually
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Fig.4-Typical range-payload characteristics for
a chemical-fueled airplane

this design point is either an X-point or a Y-point. In the present

study, the design Foint will generally lie between the X-point and

the Y-point. Thus, the design payload will be less than the maximum
+ 

payload.

Our reason for using this approach will be apparent from what

follows.

Selecting a design range for the strategic airlift mission is

not a straightforward proposition. V .,e feel that the following geo-

political factors need to be considered:

o Defense of NATO is a cornerstone of U.S. foreign
re policy; hence providing a significant reinforcement

capability for NATO contingencies is a primary

objective of U.S. strategic airlift forces.

o Depending on the nature of future conflicts, fuel

at the deployment destination (for the return

flight) may either be unavailable or at a high

premium.

.= __ .+:- : 
+ - ,- + .. . U
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o The emerging world political situation may require

a worldwide deployment capability nat does not

rely on bases outside of U.S. terrritory for en

route refueling.

On the surface, these factors seem to lead to requirements that are

.ncompatible.

Our approach has been to specify a design range that, at the

least, will come nearer than any contenpora y large airplane to sat-

isfying all of these potential requirements.

Meeting all three of the requirements might initially seem to

require the airplane to have a design range of at least 10,000 n mi

(or perhaps even a design radius of 10,000 miles, if fuel availability

at the destination is uncertain). However, consider the global dis-

tances depicted in Fig. 5. The contours, approximately equidistant,

IW 1W:1

Fig. 5 -Approximate equidistant contours (in nmi) from Air Fore bases
in the conterminous United States, Alaska, Hawaii, arid Guam

'- = .. .- + ) . + + : ' - , + = - - - - -:, +°: . , - . + ; - , r +jjj . .s . -



1' 25

from bases in the United States 'incltding Alaska and Hawaii) and

from Andersen AFB on Guam in Fig. 5 show that there are essentially

no land masses (except parts of Antarctica) farther than about 7000

n mi from a base. Thus, a 7000 n mi figure appears to us to be the
a

useful upper limit for design range or design radius.

Given this view of the range required to provide a worldwid±

deployment capability, we selected a design radius requirement of

3600 n mi. Such a radius is primarily derived from the NATC rein-

forecement requirement--it allows for the de'.ivery of the design pay-

load from Dover AFB (Del.) to Frankfurt, Germany, and return without

refueling in Europe. When flying range missions (i.e., refueling at

the destination), airplanes with a 3600 n mi radius capability can

deliver their d:sign payload a distance of 6000 to 6500 n mi.. As

Fig. 5 shows, sich a range provides essentially worldwide coverage.

If fuel is not available at the destination, aerial refueling will

permit radius missions of more than 3600 n mi. (In Section IV, we

show that with outbound and inbound in-flight refuelings, the mis-

sion radius with the design payload would generally be in excess of

7000 n mi.)

Some may argue that our selected design range/radius is insuffi-

cent for providing a worldwide deployment capability. Section VII,

however, illustrates one of the consequences of providing too much

range for the job at hand. There we show that, in a NATO reinforce-

ment scenario in which fuel for the return trip is readily available

in Europe, airplanes with a superior range capability could be less

cost-effective than those with a lesser range capabiltiy. This occurs

because the volume limits of the cargo compartment preclude a very

long-range aircraft from taking off at or near maximum gross weight

(see Fig. 4) when flying relatively short-range missions. That is,

aA potential weakness of this argument is the vulnerability of

Anderser, AFB in a limited nuclear conflict. If Andersen is lost, the

nearest appropriate airfield is Wake Island AFB (about 1300 n mi east
of Guam) despite the presence of numerous smaller fields nearer Guam
(e.g., Kobler in the Mariana Islands). The implications of Andersen's
vulnerability are further discussed in Section VII.

ii
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they would be payload-volume limited rather than payload-weight

limited. Note also that ranges in excess of 6000 n mi are generally

inconsistent with the needs of commercial air freight operations and

hence might preclude the use of the airplane in that role.

Of course, the design range or radius has little meaning for a

nuclear-powered airplane. For these, the corresponding requirement

is that the airplane carry sufficient JP (used for takeoffs and land-

ings, see Section IV) to fly a radius mission profile (of unspecified

distance) with the design payload.

Design Payload

There are no clear-cut criteria for the -selection of a design

payload. For a given design radius, the maximum gross weight of an

airplane is principally determined by the design payload. A given

airlift capacity can be achieved either with a large number of small

airplanes or with a fewer number of large airplanes (with larger de-

sign payload). From an operational viewpoint, it is difficult, if

not impossible, to define thie size requirement logically. Two opera-

tional considerations iich might influence the choice of size are

runway saturation in the delivery area and the airplane's vulnerabil-

ity. Runway satutation would tend to favor large airplanes, but a

utnaor c,ployment is likely to !nclude many Army units going into

several airfields (both to avoid road saturation and to distribute

forces within the theater), and so runvay saturation may not be a

problem. A.trition would favor small airplanes, but again, careful

selection of routes to minimize attrition could alleviatc vulner-

ability concerns.

Thus, there appears to be no rationale based on operational re-

quirements for selecting a particular design payload.a Our approach,

aAlthough straightforward operational considerations cannot
readily define a desirable design payload, a rational argument
could be provided by an appropriate systemic analysis. Such an
analysis is described in Section X.
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therefore, has been to select a design payload that yields a maximum

gross weight commensurate with the historical rate of growth of air-

:'K craft size.

Figure 6 shows the historical trends in aircraft gross weights.

Since the prpsent concern is with airplanes that would become opera-
Lional in the late 1980s oc 'arly 1990s, the anticipated maximum

2000

-- 2 10C0-10

19400 1 B 6 0- 1
: Ft t C a141 \ wit2

0 9

CV 88O

100, 1 ..--.-
1940 195 19M 1970 196 199

Yew" of first flight

Fig. 6- Histcrical trend in aircraft gross weight (251

gross w,,ight is in the 1.5 to 2.0 millot. i range. A pre'..ninary

analysis Indicated that a JP-fueled airplane in this gross weight

range could deliver a 300,000 to 400,000 lb payload on the design

radius mission.

An additional consideration in the determination is that the

design payload should be some integer multiple of the heaviest item

= that must be air'fted in substantial quantity. Ic .M-60 main battle

tank is the most likely candidate and versions of this tank have
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curb weights between 104,000 and 115,000 lb [26]. We have therefore

selected a design payload of 35OO00 7b; this should be suffi'Jent

to accommodate three tanks. a

The selected design point (350,000 lb for a 3600 n mi radius

mission) will, of course, yield a different gross weight when fuels

*1 other than JP (e.g., liquid hydrogen) are considered. In Section IV,

our circumvention of this difficulty is described in detail. Here

we will simply state that we considered excursion-case designs that

maintain the same design range but vary the design payload to yield

maximum gross weights corresponding to the desired goal. Thus, po-

tential biases against any of the alternative fuels are avoided.

Figure 4 illustrates another complication that arises when

alternative fuels are considered. Earlier we noted that our design

point falls between the X-point and the Y-point. The Y-point can be

determined by the maximum fuel capacity of the airplane. For a JP-

fueled airplane, this maximum is usually considered to be the inte-

gral fuel capacity of the wing. In our work, the X-point is deter-

- mined by requiring that the airplane deliver its maximum payload on

a 3600 n mi range mission. We think this appropriate because of the4l
clearly defined requirements for NATO reinforcement.

With our approach, however, the maximum payload (i.e., the

X-point) is dependent on the fuel alternative being considered. For

example, the maximum payload (on a 3600 n mi range mission) will be

substantially larger for a JP-fueled airplane than for one using liquid

hydrogen--even though both airplanes satisfy the same design point.

Section IV contains additional details on this phenomenon.

Cargo Compartment Dimensions

To assure convenient loading characteristics, the airplane's

argo compartment should have a rectangular planform. The compartment

can thus be fully specified in terms of the cross-sectional shape and

length of the cargo compartment.

eAt best, the XM-l--the potential replacement for the M-60--is

expected to be only modestly lighter.
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Cargo Compartment Cross Section. We have already noted tiat

the cargo compartment must be compatible both with outsized equip-

ment and with containerized or palletized cargo. The outsized re-

quirement determines the minimum acceptable height of the compartment.

We have used the palletized/containerized cargo requirements to iden-

tify the desirable width dimension. In addition, the width should be

c6mmensurate with the dimensions of the most common oversize equipment,

such as 2-1/2- or 5-ton trucks.

The standard military/commercial 463L pallet has a base 88 in.

by 108 in. and a height normally of 8 ft or less. Air/surface inter-

modal containers vary in length from 10 ft to 80 ft but have a uni-

form cross section of 8 ft by 8 ft [27]. Sea/land containers (also

8 ft by 8 ft) could possibly be airlifted but would, at the least, re-

quire a flat-bottomed pallet, and this would add perhaps 6 in. to thea
height. Army trucks and jeeps also have width dimensions approxi-

mately consistent with the 8-ft containers. In consequence, a floor

width sufficient for three-abreast placement of 8-ft-wide loads would

appear to be appropriate for our purposes.

The height dimension of the cargo compartment is somewhat more

difficult to define. The C-5A ceiling height at the centerline is

13.5 ft and this height is maintained for a width of 13 ft (4]. These

dimensions are the minimums for the Army's Armored Vehicle-Launched

Bridge [28]. Our rather cursory analysis of Army equipment to be air-

transported has failed to identify a greater height requirement than

that for the bridge launcher. Thus, the minimum height dimension at

the centerline appears to be 13.5 ft.

Most of the items that have a height dimension exceeding 9 ft

are quite heavy (e.g., the main battle tank, or the bridge launcher);

loads made up of such equipment invariably exceed the weight limits of

the airplane rather than its volume limits. Thus, it is not necessary

to maintain the 13.5 ft height over the entire width of the cargo com-

partment. A sidewall height of 10 ft should be adequate to accommodate

Ai/surface intermodal containers differ from the standard sea/

land container in that they must have extra provisions for air trans-
port such as a flat bottom, special indents for locking, higher strength
walls, and decompression panels (271.



30

those items which can be loaded three-abreast. (Corresponding side-

wall heights are 9.5 ft for the C-5A and 9 ft for the C-141A.)

The resulting minimum acceptable cargo-compartment cross section

is detailed in Fig. 7. Examples of compatibility with constraining

types of loads are also displayed. (Note that the cross sections of

the refined conceptual designs are somewhat larger than the minimums

developed in the preceding paragraphs; see Appendix A for an explana-

tion of this.) The dimensions shown in Fig. 7 should be regarded as
aapproximate. A final resolution of these dimensions requires detailed

analyses of clearance requirements, etc., that have not been fully ex-

amined in the present work.

Cargo Compartment Length. Specifying a desirable cargo floor

length is also a complex and somewhat arbitrary task. Ideally, the

floor area should be compatible wiLh the types of loads envisioned,

but it is virtually impossible to achieve such compatibility when de-

ploying Army unit equipment. For example, the M-60AI tank has an

average floor loading of more than 375 lb per square ft [26]. At the

other extreme, the average floor loading of an Army airmobile division

is only about 22 lb per square ft [3]. Given such divergent require-

ments, an attractive compromise is not readily apparent.

Our solution has been to make the floor area (i.e., floor length,

since the width has already been specified) compatible with palletized

loads. The 350,000-lb design payload corresponds to 76 military/

commercial 463L pallets with an average load of 4600 lb--this is the

average peacetime pallet load, including tare weights, of pallets pass-

ing through Travis AFB (Calif.). The pallet arrangement shown in

Fig. 7(a) yields a minimum floor length of 220 ft to accommodate the

76 pallets.

For purposes of comparison, the C-5A has a maximum capacity of

36 of the 463L pallets [3]. Similarly, the maximum available internal

a
For example, the Douglas Aircraft Company has suggested that the

minimum floor width for loading three air/surface intermodal containers
abreast is 302 in. [291. Our design analysis would clearly not be
sensitive to differences such as this (i.e., the difference between
302 in. and 300 in., as shown in Fig. 7(a)).
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(c) Showing outline of armored vehicle launched br idge

Fig. 7 Suggested minimum acceptable cargo - compartment

- cross section (NOTE: All dimensions are in inche.)
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4volume for the just-descrited configuration when loaded with air/

surface intermodal containers is 35,350 cubic ft compared to 17,800

cubic ft for the main deck of the 747-200F [30].

Cruise Conditions

Here the principal parameters of interest are the average cruise

speed (or cruise Mach number) and the initial cruise altitude. Speci-

fying the latter is straightforward. The obvious need to avoid adverse

en route weather implies a minimum initial cruise altitude of 30,000 ft. I
The cruise Mach number is a more subtle issue. Heretofore, the

cruise speed of a subsonic transport was invariably consistent with

the maximum for the then current "state-of-the-art" high-speed wing

-design. A desire to increase productivity has increased the state

of the art to cruise Mach numbers approaching 0.9. In an era of fuel

shortages and increasing fuel prices, however, such a high speed goal

may be less desirable.

For the present application, we suggest a cruise Mach number in

the range of 0.75 to 0.80. Recent studies have shown that cruise

speeds greater than 0.80 substantially increase mission fuel consump-

tion and costs--and the effects are greater the further the transonic

drag-rise regime is penetrated. On the other hand, a cruise Mach num-

ber less than 0.75, given today's supercritical airfoil technology,

appears to offer little potential for additional reductions in mission

fuel consumption while causing a significant erosion of productivity

[31J. a

The choice of the cruise Mach number is also one of the more im-

portant parameters ith respect o multimission considerations. Many

of the missions we have discusseu require the airplane to loiter for

extended periods. We will expand on this point later in the section

when we discuss the compromises for a multimission capability.

aOf course, we are presuming that propulsive power is being sup-

plied by high-by-pass-ratio turbofan engines. If Lurboprops (or prop-
fans) are considered, somewhat different conclusions might emerge. Such
considerations, ho'ever, were beyond the scope of the present investi-

-------- .- - g o
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Airfield Considerations

An implicit assumption of our work is that the very large air-

planes will be compatible with existing runways. Parameters to be

specified include takeoff and landing distances and runway-bearing

characteristics; these, of course, should also be compatible with

operational objectives.

Table 1 shows the distribution of U.S. airfields by runway length.

Very large airplanes, when performing in the strategic airlift role,

Table 1

NUMBER OF AIRFIELDS WITH HARD SURFACE RUNWAYS
EQUAL TO OR GREATER THAN THE LISTED DISTANCE [32]

*1 (As of July 1967)

Runway Continental U.S. Alaska and Hawaii
Distance Total

(ft) Civil Military Civil Military Airfields

4000 1230 253 33 17 1533

5000 801 235 25 13 1074

6000 350 199 15 12 576

7000 215 184 13 10 422

8000 126 170 8 8 310

9000 75 115 6 5 201

10000 36 90 4 3 133

11000 17 68 1 1 85

12000 8 44 1 1 53

13000 3 19 1 23

14000 1 2 -I 1 4

15000 -- 1 .... 1

can generally be assumed to be operating out of the longer military or

commerciaJ fields. Other of the candidate missions, notably the stra-

tegic missile launcher, are enhanced if the airplanes can be dispersed

to a large number of airfields. For this reason, we have selected

~ 1
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8000 ft as the takeoff critical field-length. Note that Table I

shows that decreasing the field length from 9000 to 8000 ft in-

creases the number of suitable airfields by about 50 percent.

The landing distance (over a 50-ft obstacle) is also a subtle

issue. For this, the requirements of the strategic airlift mission

dominate, since the ability to deploy to as many airfields as prac-

tical is desirable. An appropriate landing distance that does not

overly constrain the airplane's design can be derived on the basis

of tryo landing conditions of particular interest.

1. The airplane flies a 3600 n mi mission and lands

with reserve fuel and either the maximum payload

or the design payload plus sufficient fuel for

the return leg. (Note that the landing weight

is the same in either case.)

2. The airplane flies the maximum range mission and

lands wiLh reserve fuel and the design payload.

Because the takeoff characteristics ;t any gross weight are known

(since the critical field-length requirement essentially defines them),

the takeoff distances (after offloading the payload) implied bv both

of the above conditions are also known. Logically, then, those dis-

tances become the minimum landing distances for conditions (1) and

(2), respectively.

Alternatively, a landing distance less than about 6000 ft implies

a capability that might be but infrequently useful to a strategic air-

lifter (see Table 1, for example). Therefore, we suggest a design

landing distance of 6000 ft (on the design radius mission) or the

distance derived as described above--whichever is greater. For de-

sign purposes, moderately adverse runway-surface conditions (i.e.,

wet concrete) seem appropriate.

Finally, in order to ensure compatibility with most of the 8000-

ft and longer hard-surface runvays, the landing gear footprint pres-

sure should be comparable to a 200.000-lb-class commerclal aircraft.
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Such a runway bearing constraint appears to be attainable--even

without recourse to advanced technologies such as air-cushion land-

ing systems.

COMPROMISES FOR MULTIMISSION CAPABILITY

The airplane characteristics specified thus far are generally

compatible with our multimission requirements. To be able to per-

form all of the missions descried earlier, the airplane must have

a tanker capability and be capable of air-launching a variety of

vehicles. Furthermore, since many of the missions required a sub-

stantial loiter time on-station, the airplane must have good endur-

ance characteristics; this latter requirement is one of the more sig-

A nificant multimission compromises.

Tanker Capability

Our suggested approach for providing a tanker capability is to

include the essential permanent installations in the basic aiiplane

design. When the airplane is to be operated as a tanker, the appro-

priate mission kit would be inptalled with relative simplicity. The

primary elements of the mission kit would be either a single refueling

boom (or three booms for the in-flight refueling of fighters) plus

associated equipment. The weight penalty for the suggested approach

will be approximately one percent. That is, the empty weight of the

airplane itself with its basic tanker installations (but not the mis-

sion kiL) will be about one percent greater than an airplane configured

solely as a strategic airlifter (4].

If necessary, the basic installation can include underfloor fuel

tanks so that the maximum gross weight can be realized when the airplane

is performing as a tanker. (Referring to our earlier discussion of range-

payload trade-offs, this implies that the Y-point will correspond to a zero

payload for the JP-fueled airplane. The cryogenic-fueled airplanes,

whose design points correspond to the Y-point, should have provisions

for the installation of additional cryogenic fuel tanks in the cargo

hold.)
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Air-Launch Capability

At least three approaches can be envisioned for providing an

air-launch capability. These are:

1. A rear-loading door can be incorporated into the design

of the strategic airlifter in a fashion similar to that

of the C-5A. Vehicles ranging in size from RPVs to

ICBMs could then be air-launched [33].

2. Those aircraft which require an air-launch capability

could be modified with a side-opening door similar to

that suggested by Boeing for its 747 aircraft [34].

3. The air-launch-capable aircraft could have basic struc-

tural differences from the airlifter/tankers that would

give them the ability to air-launch through what would

appear to be large bomb-bay doors [35].

Although we have not examined these alternatives in detail, we believe

the first concept is the most appropriate. The second may preclude

the air-launching of large vehicles such as ICBMs. Employment of the

third concept would reduce the ability of individual airframes to

serve in various mission roles.

In summary, the basic airlifter should be designed with a front-

and rear-loading capability. The characteristics of the aft door

should be such that air-launching (at relatively low speeds) of small

as well as large vehicles is possible.

Endurance Characteristics

Many of the missions include a substantial loiter time at some

distance from the originating airfield. Such a requirement generally

conflicts with the design characteristics of a strategic airlifter.

Transport aircraft are configured for efficient cruise at high sub-

sonic Mach numbers, something normally achieved by sweeping the wings

and flying at speeds below, but near, the beginning of the transonic

drag rise. Loiter-type aircraft, on the other hand, are designed in
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glider fashion for maximum endurance at minimum fuel consumption.

This normally implies large-span, unswept wings, and relatively

low subsonic Mach numbers. (See also the discussion in Appendix C.)

The following trade-off must therefore be considered: an air-

plane designed for maximum range, flying a maximum-endurance mission

versus an airplane designed for maximum endurance, flying a maximum-

range mission. Our initial evaluation of this trade-off suggests

that the percentage loss in productivity is greater for the maximum-

endurance airplane flying a transport-type mission than is the per-

centage loss in endurance for a transport aircraft flying a loiter-
atype mission. Our conclusions are, therefore, that the compromises

necessary for a multimission aircraft should be weighted in favor of

the airlift mission, and that the airplane should be designed primar-

ily for maximum range, but with a continuing awareness of a possible

naed to operate so as to maximize its endurance characteristics.

The foreseeable technology for the time frame of interest sug-

gests that a cruise Mach number between 0.75 and 0.80 is appropriate.

Incorporation of advanced supercritical airfoil technology should per-

mit the design of a moderately thick, minimum-sweep wing (i.e., just

enough sweep to enhance stability).

Three additional considerations strengthen this conclusion.

First, a recent Boeing study of commercial transport airplanes has

indicated that only modest reductions in fuel consumption and even

smaller reductions in direct operating costs can be realized by re-

ducing the cruise Mach number below 0.8. On the other hand, it indi-

rs cated that increasing the cruise Mach number beyond 0.8 substantially

increased fuel consumption as well as costs [31].

The second consideration is related to air-traffic control.

Introducing into the system an airplane with a liwer cruise speed than

other airplanes would significantly increase traffic management prob-

lems on heavily traveled routes. Although perhaps of lesser concern

aIn this evaluation, we are comparing airplanes of equal gross

weights and design payloads.
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for a military transport, such a complication would certainly affect

the utility of the airplane a' a commercial freighter.

Finally, some of the station-keeping mission profiles described

earlier can include a significant cruise phase--from the air base to

the station-keeping point. A lower cruise speed would consequently

result in the airplane spending a smaller fraction of the available

operational time on-station. (For example, see the discussion in

Section VIII.)

SUMMARY

Table 2 summarizes the desired airplane characteristics. In

addition to the parameters shown, the airplane must include

Table 2

MINIMUM REQUIRED VLA PERFORMANCE CHARACTERISTICS

Characteristics Suggested Value

Design radius ............................ 3,600 n mia
lba

Design payload ........................... 350,000 lb

Cargo compartment

Maximum width .......................... 25 ft

Maximum height ......................... 13.5 ftb

Length ................................. 220 ft
c

Cruise Mach number ....................... 0.75 to 0.80

Initial cruise altitude .................. 30,000 ft

Takeoff critical field length ............ 8,000 ft

aaximum payload to be carried on 3600 n mi range mission,

2.25 g limit load factor.

Maximum height for a width of at least 160 in.

cTo he consistent with state-of-the-art airfoil technology
yielding minimum-sweep wings.

dLanding field length to be consistent with tikeoff charac-

teristics for return leg of design point missions or 6000 ft--
whichever is greater.

t |
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provisions for the rapid installation of a three-boom tanker-mission

kit and must be able to air-launch vehicles as large as a 100,000-lb

- .. ICBM. This latter requirement probably implies the need for a rear-

loading capability.

Note that the design point is specified at a limit load factor

of 2.25 g. As such, it corresponds to a wartime capability. In

peacetime (or in commercial use), the airplanes would generally be

restricted to lower gross weights corresponding to a 2.50 g load

factor (see Appendix A).

I

2J
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III. SCREENING OF ALTERNATIVE FUELS

This section describes the screening process employed to iden-

tify the most promising chemical fuels for future Air Force use. The

fuels that survived the screening were then subjected to a more detailed

analysis, described in [19].

The screening consisted of two phases. In the first, the physi-

cal characteristics of fuels potentially available were examined and,

based on these characteristics, a list was compiled of promising can-

didate fuels. Then, this list of candidates was further reduced by

developing conceptual airplane designs for each of the fuels; these

results were used to select the most promising alternatives. Both

phases are discussed in this section.

CANDIDATE FUELS (FIRST SCREENING)
a

In recent years, many synthetic fuels have been suggested for

application in transportation systems. We have reviewed the existing

literature to identify candidate synthetic fuels which might be avail-

able for aircraft propulsion. Table 3 lists these chemical fuels

along with some of their important physical properties. j
Based largely on these physical characteristics, we selected the

following potentially promising candidates:

o Liquid hydrogen (LH2)

o Liquid methane (LCH)

o Conventional jet fuel (Jp)b

aWe define a synthetic fuel as one that can be derived from a

primary energy resource other than crude oil or natural gas.

b Henceforth, we do not distinguish between JP-4 and JP-8. As

shown in Table 3, the physical characteristics of the two are so near-
ly identical that their relative impacts on !oncertuzl airplane design A
are essentially unnoticeable. In actual practice. of course, there
are considerable differences between the two fupls. Today, the stan-
dard Air Force fuel is JP-4, but the USAF Sci.-ific Advisory Board
has recently recommended i conversion to JP-8. 'JP-8 is similar to
Jet-A, the standard commercial jet fuel.) Such a conversion should
help relieve future JP supply problems as well as reduce combat vul-
nerability and improve crash survivability [42].
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o Ethanol (C2H5OH)

o Methanol (CH3OH)

o Ammonia (NH3)

These fuels are listed in order of the decreasing magnitude of the

fuel's gravimetric heat of combustion (Btu/lb) based on the lower

heating value.

The Surviving Candidates

Liquid hydrogen, by virtue of its extremely high heat content

per pound, is obviously interesting as a potential aircraft fuel.

Indeed, many have suggested that LH2 is the leading alternative to

jet fuel refined from petroleum [38,40,41]. Table 3 shows its prin-

cipal drawbacks- an exceedingly low volumetric heat of combustion

and a very low boiling point, which makes necessary cryogenic storage.

Next to liquid hydrogen, liquid methane has the highest gravi-

metric heating value, and this is coupled with a substantially greater

heat content per gallon and less severe cryogenic storage require-

ments. Furthermore, an extensive distribution network for gaseous

methane is already in place (i.e., natural gas pipelines). As do-

e mestic natural gas supplies diminish, we believe that methane--prob-

ably synthesized from coal--is almost certain to be widely used as a

substitute. Including LCH4 in a list of potentially attractive fuels

seems therefore appropriate.

A conventional jet fuel (JP) is listed ne.t. Since we are inter-

ested in fuels that can be obtained from soe resource other than

petroleum, we must presume that this synthetic JP is derived from

either coal or oil shale. Not to have Included JP, given its pre-

eminence as today's aircraft fuel, would have been ludicrous.

Methanol (wood alcohol) and ethanol (grain alcohol) are listed

next. Note that both have relatively low heat co tents per pound;

however, both are liquids at standard conditions of Lemperature and

pressure and would thus more conveniently conform to existing aviation-

fuel distribution and storage systems. Both fuels are relatively easy
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to synthesize, with ethanol having the additional potential advan-

tage of being easily obtainable from the biomass (e.g., agricultural

products). We felt that both should be included in our initial list

o-f- alternatives despite their relatively unattractive heats of com-

bustion.

The last potentially attractive alternative fuel is ammonia.

Despite a low heat content per pound, ammonia has the singular advan-

tage of having the highest gravimetric heat of combustion of any non-

carbonaceous fuel except liquid hydrogen. Thus, ammonia does not

require a hydrocarbon resource for its synthesis and can also be

stored at ambient temperatures under modest pressure.

The Discarded Fuels

The remaining four candidate fuels shown in Table 3 were dis-

carded from further cnn Ie..iation for a number of reasons. Consider

first hydrazine, which has heats of combustion that are comparable to

methanol or ammonia. The only apparent reasons for pursuing hydrazine

would be its significantly higher boiling point when compared to ammo-

nia or, perhaps, its greater flammability limits. However, using the

best available synthesis technology would result in unit energy costs

at least of an order-of-magnitude greater than that for ammonia. Fur-

thermore, the successful development of an advanced process would, at

best, yield unit prices comparable to ammonia (36]. In light of this,

there is little reason for further pursuing hydrazine as an aircraft

fuel.

Monomethylamine is of interest because its heats of combustion

lie midway between the alcohols and conventional jet fuels nnd be-

cause it can be nominally handled as a liquid. In actual practice

a mixture of 50 percent monomethylamine, 20 percent dimethylamine,

and 30 percent trimethylamine would probably be employed; the average

heating value of the mixture would be about 15,100 Btu/lb. The methyl-

amines are formed by the gas-phase condensation of methanol and ammo-

nia, and its synthesis would thus include both methanol and ammonia

manufacturing facilities (37]. We anticipate that the average unit

energy costs for the mixed methylamines would be signinfcantly greater
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than for either methanol or ammonia. (Note also that a carbon source

is required to synthesize the methanol, so there is no advantage in

that regard.) Given the relatively complex synthesis process, the

average unit energy costs for the mixed methylamine should be, at

best, only modestly less than the cost of JP synthesized from coal.

Thus, the mixed methylamines showed little promise of being a viable

alternative, and we therefore eliminated them from further consideration.

Acetylene and propane have somewhat attractive physical charac-

teristics, but we were unable to identify any synthesis processes for

manufacturing either of these relatively complex hydrocarbons that

could result in a lower unit energy cost than that projected for con-

ventional jet fuel made from coal or oil shale. Since their gross

characteristics are quite similar to JP, we believed that it would be

superfluous to consider them further.

FURTHER SCREENING OF THE CANDIDATE FUELS

The candidate chemical fuels were subjected to a finer-grained

screening in order to reduce the number of alternatives under lon-

sideration in our more detailed analysis. The screening approach

used was to develop rough conceptual airplane designs corresponding

to the requirements described in Section II; fuel alternatives that

implied obviously inferior aircraft were then discarded. The maxi-

mum gro:;s weight of the airplane was used as the figure-of-merit.

The conceptual designs were develoed by utilizing a modified

version of an existing Rand transport airplane design model.a The

*principal modifications, of course, were those that permitted the

I analysis of fuels other than JP.
The resulting airplane gross weight as a function of the design

radius is presented in Fig. 8 for three of the candidate fuels. In

all cases, the design payload is assumed to be 350,000 lb. For the

target design radius of 3600 n mi, the resulting gross weights are

a The transport airplane design model was originally developed
by Thomas F. Kirkwood of Rand.
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Fig. 8-Gross weight of airplanes using alternative fuels
in terms of design radius

about 1.68 million lb for JP, 1.59 million for LCH4 , and 1.22 million

for LH2 . Gross weights of this magnitude are expected to be within

the state of the art in the 1985 to 1995 time frame (see Fig. 6 ).a

Similar results for ammonia, methanol, and ethanol are presented

in Fig. 9. Note that Fig. 9 sho:s the resulting gross weights as a

function of design range; the target radius has thus been replaced by

a tc4.get range of the same magnitude. Our reasoning here becomes

a
The results shown in Fig. S (and Fig. 9) should be interpreted

as only rough approximations. For example, the takeoff fiel 4-length
requirements cited earlier are not included as a design constraint.
In spite of such simplifications, these results are adequate for
present purposes. Results of the more refined and detailed design anal-
ysis for the most promising alternative fuels are contained in Section IV.

ji
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apparent when the results for the alcohols and amonia alternatives

are contrasted with the comparable JP, LCH 4 , or LH2 results, also

depicted in Fig. 9. Note that for gross weights between 1.5 and

Or2.5 million ib, the alcohols and ammonia have range capabilities

that are on the same order as the radius results for the other fuels.

Stated another way, for an alcohol- or ammonia-fueled airplane to

have a range/radius capability similar to that of the JP, LCH 4, or

LH2 alternatives it would require a maximum gross weight well in

excess of 2.5 million lb.

THE HOST PROMISING ALTERNATIVE FUELS

The results presented in Figs. 8 and 9 clearly indicate that

conventional jet fuel, liquid methane, and liquid hydrogen are the
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only viable chemical-fuel alternatives. Although our screening analy-

sis is based on their use in very large airplanes, we believe that this

conclusion is generally extensible to all classes of military airplanes.

A fourth alternative, nuclear propulsion, may only be examinea in

the context of very large airplanes. Including nuclear propulsion in

the rough screening would have been inappropriate because of the unique

characteristics of nuclear-powered airplanes. Specifically, for a

given gross weight and payload, the airplane would have essentially an

unlimited range or radius capability. Such a unique capability clearly 4

merits attention.

Recent system studies of nuclear-powered aircraft indicate that

the desired design payload of 350,000 lb would require an airplane

with a gross weight on the order of two million pounds [10,25]. Such

a gross weight is commensurate with the results for the most promising

chemical fuels. (Included in the nuclear airplane gross weight is

sufficient fuel for takeoff and landing using conventional JP. Since

* the present design point is a radius mission, sufficient chemical fuel

for two takeoff-landing cycles is required. This aspect of the nuclear-

powered airplane is more thoroughly discussed in Section IV and Appen-

dixes A and B.)

4
. 0 '
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IV. CHARACTERISTICS OF THE ALTERNATIVE AIRPLANES

This section describes the characteristics of the alternative

airplanes that were evaluated. We first discuss the reasons that

each of the alternatives *as selected for detailed examinaLion. Im-

portant aspects of the design and performance of each alternative are

then presented.

ALTERNATIVES CONSIDERED

We made detailed evaluations of seven alternative airplanes.

The design of four of them correspcnds to the design constraints

suggested in Section II; each of the four employs one of the fuels

that survived the screening described in Section III. The maximum

gross weights of these design-point airplanes are presented in

Table 4. Note that the maximum gross ,eight of the VLA-JP and

VLA-LCH4 aircraft are within the stated goal of 1.5 to 2.0 million

lb. a However, the VLA-LH2 's gross weight is somewhat less than the

goal and the VLA-NUC's significantly greater.

Table 4

DESIGN-POINT VERY LARGE AIRPLANES

Designation Maximum Gross Weight
(Ab)

VLA-JP .................... 1,839,000

VLA-LCH4 . . .. . .. . . . . . .. ...  1 ,864 ,0 0 0

VLA-LH 2  ................ .. 1, 275,000

VLA-NUC ................... . ',660,000

" a
a Throughout this report, the very large airplanes (VLAs) are

identified by the fuel employed--JP for conventionail jet fuel, LCIh.
for liquid methane, II12 for liquid hydrogen, and NUC for nuclear

propulsion.
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If the state of the art that a particular airplane reflects

can indeed be represented by its maximum gross weight, the VLA-LH2

design implies a lower technological level than that embodied in
a

the VLA-JP. Similarly, the VLA-NUC would represent a significant

advance in technology, even if the new-technology aspects of nu-

clear propulsion are discounted. Therefore, the possibility at

least exists that compe.risons of the VLA-JP with either the VLA-LH 2 or

the VLA-NUC could be biased since each airplane represents a dif-
b

ferent level of technology.

We have eliminated this dilemma by including in our analysis

two excursion-case airplanes. The maximum gross weights of these

airplanes--designated VLA-LH2* and VLA-NUC*--are shown in Table 5.

Note that both are within the gross-weight range of our original

goal.

Table 5

EXCURSION-CASE VERY LARGE AIRPLANES

Designation Maximum Gross Weight
(lb)

VLA-LH2 * ......................... 1,622,000

VLA-NUC* ................... 1,940,000

aIn Section II, we intimated that maximum gross weight was, in

fact, an appropriate measure of the state of the art. This is in
substantial agreement with Cleveland's classic paper on size ef-
fects in airplane design--at least for conventional airplanes [23].

bWe would be less concerned if our analytical capability for

predicting costs and performance for such airplanes were precise.
Ultimately, however, such analysis is largely formulated on ex-
trapolations made from the data base composed of existing air-
planes. The observation that the difference in the gross weights
of the VLA-NUC and VLA-LH2 aircraft (about 1.4 million Ib) is almost
twice the maximum gross weight of the largest existing airplane
should give one pause.
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To enhance the comparison of the alternative very large air-

planes and to provide a meaningful benchmark, we have included a

contemporary airplane as a seventh alternative. For this purpose,

we selected a new production version of the C-5A that the Lockheed-

Georgia Co. recently proposed and designated the C-5B. One of the

least complex of the proposed derivatives of the C-SA, this C-5B

model does not include the C-5A items required for tactical air-

lift operations and has been modified to provide an aerial tanker

capability. The maximum gross takeoff weight of the C-5B is
a

769,000 lb.

DESCRIPTION OF THE AIRPLANE DESIGNS

The seven alternative airplanes will be described in terms of

their general design characteristics and their performance attri-

butes. The design aspects include

Io Weights

o Physical characteristics (dimension, etc.)

o Aerodynamic and propulsion parameters

Performance characteristics illustrated are

o Payload capability (as a function of range)

o Fuel off-load capability

aOf course, modified versions of other contemporary airplanes,

such as the Boeing 747 or Douglas DC-lO, might have been included
in the analysis, but resource limitations prevented our doing so in
the present study. Tere are several reasons for our choosing the
C-SB: (1) the detailed characteristics of the airplane were readily
available, (2) the C-SB has loading and basing characteristics similar
to very large airplane requiremenLs, and (3) only the C-5 has demon-
strated an air-launch capability. Our using the C-5B as an alterna-
tive, however, is not meant to suggest that it would be more attrac-
tive in the various mission applications than modified versions of
either the 747 or the DC-IO.
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o Range/radius with aerial refueling

o Endurance capability

We describe these alternative airplanes in order to provide the

reader with insights into their different attributes. The impor-

tance of these differences will become apparent in the discussion

of the mission analyses.

(See Appendix A for a detailed discussion of the ASD's design

analysis of the VLA alternatives. Appendix B provides comparable

information on the propulsion system designs. Additional defini-

tion of the proposed C-5B is included as part of Appendix C.)

General Design Characteristics

Table 6 summarizes the weight characteristics of the alterna-

tives under consideration. a Observe the wide variation in empty

weights of the VLAs. For the VLA-NUC aircraft, about 650,000 lb

of the empty weight can be attributed to the nuclear reactor and

its containment vessel. If these weights are netted out, however,

the empty weight of the VLA-NUC is still more than 465,000 lb greater

than that of the VLA-JP. The reactor system in the VLA-NUC* weighs

approximately 530,000 lb. Note also that the empty weight of the

VLA-LH2 alternative is about 11 percent less than that of the VLA-JP,

and the empty weights of both the VLA-LCHt, and the VLA-LH2* are about

15 percent more.

Interestingly, the empty-weight fraction (i.e., empty weight

divided by maximum gross weight) is 0.43 for the VLA-JP compared to

0.46 for the C-5B. According to Cleveland, such a trend in empty-
weight fraction would be well within the expected state of the art

[23].

a
Unless otherwise noted, all weight and performance character-

istics cited in this report correspond to flight at a limit load

factor of 2.25 g. In normal peacetime operation, aircraft of this
type are generallv restrl'ted to load factors of 2.50 g; the lower
figure is, however, usually used for wartime or for emergency plan-
nIng. Weights -in(I performance at 2.50 g are noted In Appendix A.

a
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The design payload for the design-point VLAs is, of course,

identical and is more than 60 percent greater than that of the C-5B.

The design payload of excursion-case VLAs has been adjusted to yield

the desired maximum gross weights.

The basis for the maximum payloads of the VLAs shown in Table 6

deviates somewhat from the suggested approach outlined in Section 
II.a

An early design iteration on the JP-fueled alternative indicated that

an airplane designed to carry a 350,000-lb payload on a 3600 n mi

radius mission would inherently have the capability to carry 550,000

lb on a 3600 n mi range mission. To simplify the detailed design

analysis, the maximum payload of the chemical-fueled VLA- was set

a priori at 550,000 lb. As we will see, neither liquid-hydrogen-

fueled airplane can carry this payload on a 3600 n mi range mission,

but we believe the implications of this deviation for deriving maxi-

mum payload is inconsequential to the outcome of the analysis.

The maximum payload for the nuclear-powered airplanes is deter-

mined in another way. The VLA-NUC can deliver its design payload on

a radius mission of essentially unlimited distance. Maximum payload,

however, corresponds to the payload that can be carried on a range

mission. Thus, for the VLA-NUC, the approximately 130,000 lb of JP

required for the zero-payload return leg on a radius mission can be

replaced by useful payload on a range mission.

Note also the very substantial quantities of JP that are required

by both nuclear airplanes as a consequence of the design constraints

imposed in this study. These require that the reactor be shut down

during takeoffs and landings; furthermore, JP must be carried to pro-

vide an 850 n mi cruise in the event of an emergency shutdown of the
b

reactor during the cruise phase of the flight. The former constraint

is included for reasons of safety. the latter to minimize the possibility

a Recall that we suggested the maximum payload of the chemical-
fueled VLAs should correspond to a 3600 n mi range mission.

bWhen flying radius missions with the design payload, both nuclear-

powered airplanes are capable of a 1250 n mi emergency cruise during the

outbound mission leg.
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of losing a very expensive weapon system in a perhaps much-less-than

catastrophic failure of the reactor system. Clearly, these design

constraints greatly influence the nuclear airplane's configurations.

However, the constraints appear wholly appropriate for our present

purposes. a  (See also the discussion in Appendix A.)

Some of the important physical characteristics of the alterna-

tive airplanes are presented in Table 7. As shown, the aerodynamic

aspect ratio of the VLA alternatives is only slightly greater than

that of the C-5B. Note also that the maximum wing loading of the

chemical-fueled VLAs is about 130 lb per sq ft sompared to 124 for

the C-5B. The nuclear airplanes are only modestly lower, at 116 lb
per sq ft. (Profiles, planforms, and fuselage cross section for
each of the VLA alternatives are included in Appendix A.)

Table 8 summarizes some of the aerodynamic and propulsion

system characteristics of the alternatives. The smaller zero-lift

drag coefficient of the VLA-JP compared to the C-5B is largely a

consequence of the proportionately reduced drag contribution of the

VLA-JP's fuselage. This translates into a somewhat higher maximum

lift-to-drag ratio. Observe that both LH2-fueled airplanes exhibit
greater zero-lift drag coefficients than the VLA-JP, because the fuse-

lages (which contain the cryogenic storage tanks) have a larger surface

area. Both liquid-hydrogen-fueled VLAs suffer a corresponding reduc-

tion in maximum lift-to-drag ratio. The nuclear airplanes, on the

other hand, show a smaller zero-lift drag coe5ficient since their

higher gross weights require a larger wing area while the size of

of their fuselages is similar to that of the VLA-JP.

aDifferent operational concepts could modify these design con-
straints. For example, if the nuclear airplane were not permitted
to overfly any land mass (even with the reactor shut down), then
takeoffs and landings from coastal bases could possibly be made under
nuclear power with probably some chemical-fueled assistance. The
next logical step is to conslder a seaplane; in this case the 850
n mi recovery range is no longer required qince the airplane can
simply sit down in case of a reactor emergency. However, our pri-
mary mission is strategic airlift, and the above concepts would
greatly reduce the utility of the nuclear-powered airplane in the
airlift role. We will, however, discuss these issues further in
the section describing the station-keeping mission analyses.
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The propulsion system data shown in Table 8 illustrates the

relatively modest advances in turbofan engine state of the art

assumed in the present work. For example, the maximum turbine

inlet temperature for the chemical-fueled VLAs is 2500*F compared

to 2380*F for the General Electric TF39 engines used on the C-5A.

Note, however, the markedly different characteristics of the

dual-modea turbofans for the nuclear-powered airplanes. Specifi-

cally, these engines have a mucb lower txiU1.u1 Lurbine inlet

temperature in the chemical mode and t0s is still further reduced

when they operate in the nucleer mode. Despite thee Inefficiencies,

the dual-mcde engines proved preferable to providing separate engines

for the two propulsion modes.

Performance Characteristics

Cargo Missions. The payload capability in terms of mission

range is depicted in Fig. 10a for eich of the design-point very

large airplanes. Corresponding results for each of the excursion-

case airplanes are shown in Fig. 10b. Even though the design-point

airplanes share a common payload-radius point (350,000 lb for a

3600 n mi mission), they exhibit grossly dissimilar payload-range

characteristics. The nuclear airplanes are an extreme demonstration

of this point since their payload capabilities are independent of

mission range.

Of particular interest is the comparison of the VLA-LH2 alterna-

tive with the VLA-JP. Note that both airplanes have comparable ranges

a Called "dual-mode" because these engines can operate on either nu-

clear heat or chemical fuel (JP). The engines have been sized to pro-
vide the required takeoff thrust when operating on JP. In the nuclear
cruise mode, they are limited by the relatively modest operating tem-
perature of the nuclear system (see Appendix B).

bit would have been possible to develop an engine design which

provided a much higher turbine inlet temperature during chemical-mode
operation. Such an engine in the nuclear mode, however, would be
grossly inefficient because of its inferior performance in this off-
design condition. Thus, Lhe engine described in Table 8 represents
the best available tradp-off.
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at the design payioad. However, for any other payload, the VLA-LH2

possesses a markedly inferior range capability. For payloads above

350,000 lb, this phenomenon is a consequence of liquid hydrogen's

much higher heat of combustion. That is, to increase tae payload

beyond 350,000 lb, fuel weight must be exchanged for additional pay-

load weight (since the maximum gross weight remains constant). The

range degradation in the case of liquid hydrogen is greater since

each pound of fuel exchanged for payload results in a greater loss

in available fuel-energy. For payloads less than 350,000 lb, the

inferior performance of the VLA-LH2 arises because the design pay-

load corresponds to the Y-point. In other words, the volume avail-

able in the liquid-hydrogen fuel tanks is such that they are full

at the design payload; if the payload is reduced, no tank volume is

available to accept the additional fuel (and the airplane operates

at a gross weight less than the maximum).

These characteristics of the VLA-IH 2 aircraft provide additional
motivation for the liquid-hydrogen-fueled excursion-case aircraft.

Note that the payload capability of the VLA-L.H2* is equal to or greater

than that of the VLA-JP for almost all mission ranges. By including

the VLA-LI1 * alLernative, we have thus avoided any possible biases

resulting from the above-described characteristics of liquid hydrogen

as an aircraft fuel.

Figure 10 should also provide some insights into the magnitude of

the increase in capability provided by the VIA. For example, at a

range of 2500 n mi, the VLA-JP has more than twice the payload capac-

ity of the C-SB. At 5500 n ml, the VLA-JP's payload is more than four-

fold greater.

Tanker Missions. Figures 10a and b indicate how the alternatives

might perform in the cargo role. Also of interest is their performance

in the tanker role. Two classes of tanker missions must be examined:

(1) the very larga airplanes provide tanker support for JP-fueled air-

planes (e.g., tactical fighters or strategic bombers); (2) the VLAs

provide tanker support for other VIAs, which might be performing a

variety o( missions. In this latter case, the fuel transferred by the
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VLA tanker will be the same fuel that it uses for propulsion (i.e.,

the VLA-LH2 will transfer liquid hydrogen).

Figures lla and lib illustrate the performance of the alternative

airplanes when they are transferring JP to the receiver aircraft. Once

again, a wide variation in the performance of the design-point alterna-

tives as well as of the excursion-case aircraft carn be observed.a

We label the data on JP-tanker performance in Figs. Ila and lilb

approximate since the performance of the cryogenic-fueled airplanes

could be improved if the operational requirements so dictated. For

example, when operating in the JP-tanker mode, the VLA-LH2's cargo

compartment is empty. If it were desired to increase JP off-load

capability at mission radii greater than 3600 n mi, auxiliary cryo-

genic fuel tanks could be carried in the cargo compartment. Such a

modification would cause the slope of the JP off-load versus radius

curve to be more nearly constant. (That is, by providing additional

LH2 storage capacity, the sharp drop in JP off-load capability be-
yond 3600 n mi could be virtually eliminated.)

We have not analyzed the performance of the various alternatives

in the JP-tank- role in detail.b For the present work, how the alter-

natives perform when providing tanker support to airplanes of the same

kind is of greater interest. Figure 12a displays the fuel off-load

capability of the chemical-fueled alternatives c as a function of mis-

sion radius. At: examination of Fig. 12a suggests that the VLA-JP and

VLA-LCH4 alternatives are the best tankers.

But because fuel off-load is expressed in pounds, Fig. 12a is some-

what misleading. More important (since we are considering different

an Fig. 11 and throughout this report, C-5Bs in the tanker mode

are assumed to operate at a load factor of 2.00 g (ground-maneuver fmnit).
The corresponding maximu. gross weight is 795,000 lb (see Appendix C).
The rationale for this assumntion will become apparent in Section IX.

b
Additional insights into the relative attractiveness of the alter-

natives in the JP-tanker role can be obtained from Section VIII.
cThe nuclear-powered airplanes, of course, do not require any in-

flight refueling.

4 -
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fuels) is the energy contaioed in the fuel off-loaded; data on this are

presented in Fig. 12b. As Fig. 12b demonstrates, the cryogenic air-

planes provide the greatest fuel-energy off-load at any given radius.

This occurs even though both LI2 airplanes are fuel-volume limited

rather than weight limited. That is, the additional cryogenic tanks

contained in the cargo compartment provide insufficient volume to

allow either of the liquid hydrogen airplanes to operate at its maxi-

mum gross weight in the cryogenic-tanker mode. (Details are included

in Appendix C.)

A better perspective on the capabilities of the alternatives can

be gained by examining the performance of the receiver/tanker pair with

in-flight refueling (IFR) under different mission rules. Appendix C

contains payload-performance figures for each alternative airplane for

each of the following mission rules.

o Range (no IFR)

o Range--one IFRa

o Radius (no IFR)

o Radius--one IFRa

o Radius--two IFRa

Also included in Appendix C is a description of the theoretical approach

used to estimate performance with in-flight refueling.

Table 9 summarizes the range/radius capabilities of each alterna-

tive with its design payload. The performance characteristics of the

VLA-JP and VLA-LCII, with In-flight refueling are almost idcntical. As

one would suspect from our previous discussion of energy off-load capa-

bility, both liquid hydrogen airplanes demonstrate superior range and

aunless otherwise noted, a single IFR refers to an outbound refuel-

ing (buddy mission rules) with both tanker and receiver originating at

the same base; tie tanker return3 to the originating base (i.e., the
tanker flies a radius mission). Two IFRs imply an outbound refueling

as described above plus an Inbound reftiving (rendezvous mission rules).
For the second IFR, ,he tanker flight origina -s and terminates at the

receiver's destination base.
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radius capabilities with aerial refueling. Again note that the pay-

load capability of both nuclear airplanes is dependent on whether

range or radius missions are being flown.

Also shown in Table 9 are the field-length requirements for each

alternative. The takeoff/landing performance listed in Table 9 com-

plies with the design goals listed in Section II. (Further details

on takeoff and landing performance at other gross weights are pre-

sLnted in Aprendix A.

Endurance Missions. The final performance feature discussed in

this section is airborne endurance. Both nuclear-powered alternatives

have essentially unlimited endurance when carrying payloads that

correspond to a range mission (see Figs. 10a and lOb). Indeed, their

characteristics are such that they can cruise any required distance

to a station-keeping point, remain on-station for as long as desired

(within the limits of the crew's endurance), and then return to the

originating base. For this profile, the VLA-NUC's payload can be as

much as 480,000 lb; the VIA-NUC*'s limit is 325,000 lb.

Endurance characteristics, in terms of the distance to the station-

keeping point, are illustrated in Fig. 13 for the chemical-fueled al-

ternatives. Interestingly, the design-point very large airplanes ex-

hibit essentially the same tradL-offs between endurance and station

radius. The endurance of the VLA-LH 2* is greater than the other alter-

•atives; the C-5B, even with the reduced payload, has poorer endurance

characteristics. (The endurance capability of the VIA alternatives

with other mission-payloads is contained in Appendix A.)

Of course, ',y relying or, aerial refueling, th2 chemical-fueled

alternatives can fly these kinds of mission- at greater station-radii

than indicated in Fig. 13. However, we will defer discussion of these

types of mission profiles until Section VIII.

I i
,i- i 

! ii : . , . . .. .. . -- . .. ' - i --- -* ; - &
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V. LIFE-CYCLE COST ESTHATES

rhe life-cycl cost of a weapon system is the sum of its acqui-

itLion costs and its operating and support (O&S) costs over its ex-

pected life. For the class of airplane exmmined in this study, we

believe that 20 years is an appropriate expected useful life.

Acquisition costs consist of procurement costs and research,

development, test, and evaluation (RIJT&E) costs. 'he former are

termed recurring costs (i.e., d,'pendent on the quantity of aircraft

procured), the latter nonrecurring. The procurement costs are made

up of the aircraft flyaway cost (which includes the airframe, engines,

and avionics) plus ground support equipment, initial spares, and so

on. Most elements of zhe procurement cost have an associated RDT&E

cost.

In addition to flight-crew and fuel costs, operating and support

costs include the following items:

o Squadron personnel

o Base operating support personnel

o Medical personnel

o Common AGE (aerospace ground equipment)

o Replenishment spares

o Depot maintenance

o System support

o Genetal support

These costs depend on the number of aircraft acquired as well as the

peacetime utilization (UTE) rate. Of course, the O&S costs must also

reflect the desired wartime (or surge) utilization rate.

In this section. we present the life-cycle costs of the alterna-

tives in terms of the cost elements we have been discussing. Some

illustrative cost sensitivities are also discussed, (Appendix D de-

scribes the methodologies employed in the cost analysis.)
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ILLUSTRATIVE LIFE-CYCLE COSTS FOR EACH ALTERNATIVE

The life-cycle cost estimates presented below are based on the

procurement of 112 unit equipment (UE) aircraft (seven squadrons of

16 UE each).a Allowance for attrition and aircraft in the depot-

maintenance pipeline make necessary a total procurement of 129 air-

craft (excluding any development aircraft).

An operational consideration of clear importance to life-cycle

costs is the peacetime utilization rate. Throughout this section,

we have assumed 60 flying hours per month (720 hours per year) which
is commensurate with current Air Force practice with the C-5A and

appears appropriate for our present purposes.

Design-Point Airplanes

Table 10 displays the life-cycle cost estimates for each of the

design-point very large airplanes. Recall that each of these airplanes

has the capability to carry a 350,000-lb payload on a 3600 n mi radius

mission. Thus, an equal number of UE aircraft also provide an equal

capability--at least, for this design-mission profile. Consequently,

the life-cycle costs shown in Table 10 can be interpreted as the costs

of each alternative for approximately equal effectiveness.

Table 10 indicates that the acquisition costs of the VLA-NUC are

substantially larger than those of the chemical-fueled alternatives.

The VLA-NUC's heavier airframe as well as the addlitional expense of

the nuclear system cause this disparity. Differences in the unit fly-

away costs of the chemical-fueled airplanes are also significant, with

the VLA-LI12 the least expensive due to its more modest gross weight and

empty weight characteristics. The RDT&E costs of the VLA-JP, VLA-LCH4,

and VLA-LH2 are comparable.

Substantial differences in the 20-year O&S costs of the four

alternatives can be observed. Crew costs are greater for the

VLA-NUC since additional personnel are required for the nuclear

a aThe reason for selecting 112 UE aircraft for this example wll
become apparent in Section VII.

r fgre
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a

system. Of greater importance, however, are the VLA-NUC's much

larger costs for maintenance, fixed facilities, etc. Again, these

are a consequence of the additional supprt costs of the nuclear

system and the greater size of the nuclear airplane.

Synthesis of the Chemical Fuels

Before discussing the costs of the alternative fuels, considera-

tion mist be given to how the chemical fuels might be synthesized.

A basic ground rule, stated earlier, is that each of the alternatives

must be obtainable from a primary energy resource other than petro-

leum or natural gas. That this has been observed for the three fuels

of interest is illustrated in Fig. 14. Available primary energy re-

sources are noted at the top of Fig. 14, which also shows the various

paths leading to the synthetic fuel end-products. Although Fig. 14

does not include all possible process paths, it is representative of

the processes most frequently discussed in the literature. We have
-t

included methanol as one of the end-products because of its potential

as a ground-transportation fuel [44]. Were methanol to be widely

available for this purpose, it could be envisioned as an intermediate

energy carrier for subsequent use in the synthesis of either liquid

methane or liquid hydrogen.

A careful examination of Fig. 14 reveals that several of the pri-

mary energy resources can be used to manufacture any of the end-use

synthetic fuels. Most notable, in this category, is coal. Data from

,Here and throughout the report, unless noted otherwise, suffi-

cient air crews, maintenance personnel, etc., are provided to allow
for a wartime operational readiness (OR) rate of 0.58. (Under surge
conditions, we assume an aircraft that is operationally ready will
be either flying, taxiing, or being loaded, unloaded, or refueled
[43J.) An OR rate of 0.58 yields wartime utilization rates between
about 10 and 13 hours per day--depending on the aircraft and sce-
nario being considered. Specifically, an OR rate of 0.58 for the
C-i41A corresponds to an average utilization rate of 10 flying hours
per day during a NATO reinforcement, assuming all aircraft fly range-
mission profiles. (See Section VII for additional discussion of the

% implications of using a constant OR rate.)

i t1. .. . . .
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ERDA demonstrates that coal is the most abundant of the nonrenewable

U.S. energy resources (at least, until the breeder reactor program

proves commercially successful) [14]. Furthermore, (1) the extrac-

tion of coal, either by strip or deep mining, is obviously a mature

and well-developed technology; (2) develbping economic technologies

for converting coal to gaseous and liquid fuels is a major element

of current U.S. .nergy research; and (3) these R&D programs are

scheduled to provide the needed technologies in the time frame of

interest to the present work. For these reasons, we have selected
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coal as the universal starting point in the supply process for each

of the synthetic chemical fuels under consideration. (Details of

the analysis of the cost and energy implications of these processes

are described elsewhere [191.)

Also of interest in Fig. 14 is the observation that liquid

hydrogen is the only alternative fuel that can readily be derived
a

from the so-called renewable energy resources. Of principal in-

terest among such resources are solar energy and fusion, which, as

noted in Section I, can be e-ected to assume ever-increasing impor-

tance in future years. In view of this, one can expect that liquid

hydrogen will eventually be employed as a fuel for aircraft as well

as for other modes of transportation.

For our present purposes, however, we must be concerned with

the relative attractiveness of synthesizing LH2 from coal or using

a nonorganic resource to produce it. Nuclear fission offers the

greatest potential as a nonorganic resource (see Section I). The

state-of-the-art procedure would be first to generate electricity

in a light water reactor and then obtain hydrogen by the electrolysis

of water. All available studies have indicated that this approach is

substantially more costly and more energy intensive than a coal gasi-

fication process [36,41,45].

Advanced technology concepts include using fission reactors to

supply process heat to either closed-cycle or open-cycle thermochemi-

cal water-splitting processes. Although the former concept has yet

to be demonstrated successfully in the laboratory [46], some recent

successes have been reported with the latter [47]. For this, costs

Ii at least comparable to hydrogen synthesis from coal seem possible.

In view of the economics of manufacturing hydrogen from non-

organic sources, the choice of coal as the universal primary energy

resource seems appropriate--particularly for the time frame of in-

terest in the present study.

awe are discounting the possibility of using a carbon source such

as limestone (or" carbon extracted from carbon dioxide in the atmo-
sphere) in conjunction with renewable energy resources to synthesize
the carbonaceous fuels.
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Fuel Costs

Table 10 indicates that fuel costs account for many of the dif-

ferences in the life-cycle costs of chemical-fueled airplanes. W. L.

Stanley, of Rand, has developed estimates for the unit cost of the

chemical fuels assuming their synthesis from coal [19,48]. In 1975

dollars, he estimates the unit fuel costs to be about $3.20/MMBtu

(million Btu) for synthetic JP,a $4.30/MMBtu for liquid methane, and

$9.80/MMBtu for liquid hydrogen. A breakdown of these net costs is

presented in Fig. 15. (The large by-product credit for synthetic JP

is largely accounted for by the substantial quantity of high-octane

unleaded gasoline produced in the syncrude refining step.) The cost

estimates shown in Fig. 15 are near the middle of the range of esti-

mates developed by Stanley [19].

The average unit price of enriched uranium for the nuclear air-

plane was estimated at $0.65/MMBtu (see Appendix E). Despite this

much lower unit energy cost, the 20-year fuel cost shown in Table 10

for the VLA-NUC is comparable to that of the VLA-JP. This somewhat

surprising result obtains for two reasons: (1) The VLA-NUC is rela-

tively more energy intensive than the VLA-JP because of its much

greater average in-flight gross weight and its relatively inefficient
b

engines. (2) The VLA-NUC requires a great deal of JP for takeoffs and

landings (see Appendix A); the unit cost of this JP is assumed to be

39 cents per gallon.

A comparison of total life-cycle costs in Table 10 indicates that

the VLA-LH2 loses its advantage in acquisition costs over the VLA-JP

because of the much higher cost of LH2. Moreover, the life-cycle costs

a For synthetic JP, this corresponds to about 39 cents ner gallon.
Of course, the life-cycle cost estimates for the VLA-JP are also
valid if the JP is derived from crude oil and priced at 39 cents per
gallon. In the third quarter of 1975, the Air Force paid the Defense
Fuel Supply Center an average of 42 cents per gallon for JP-4 (48].
In this analysis, the synthetic JP is more similar to JP-8 than to
JP-4--as JP-8 is more easily obtained from coal-derived liquids [191.

The energy intensiveness of the VLA-NUC is further discussed in

the section on life-cycle energy consumption (Section VI).
enery ('nsumt io
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of the VL.A-NUC are almost twice that of the VLA-JP. (Whether or not
the VLA-NUC's essen~tially unlimited range/radius/endurance capabilities

are enough to overcome its cost disaidv.antages is one of the principal
questions addressed in the remainder of this report.)

The sensitivity of the unit fuel costs used in our analysis to
variations in the input price of coal, etc. is discussed elsewhere

a[19,48] . However, Table 10 demonstrates that fuel represents a small
--but nonetheless not trivial--component of total life-cycle costs.
For example, a1 50 percent increase in the average unit cost of JP would
increase the life-cycle costs by about 1.8 billion dollars or less than
6 percent of the total. A similar 50 percent Increase for the VLA-NUC

Wwill also discuss some of these sensitivities further in Sec-
tion IX.
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would increase its fuel costs by about the same absolute amount, but

would represent a much smaller percentage of total costs. Obviously,

a 50 percent change in the unit cost of liquid hydrogen would have a

much greater impact.a

Excursion-Case Airplanes

Similar life-cycle cost estimates for the three excursion-case

airplanes are presented in Table 11. These estimates are also based

on the procurement of 112 UE aircraft, but because an equal number of

UE does not correspond to equal effectiveness, these costs cannot be

compared directly with those of the design-point alternatives. (In

Section VII, we will develop a constant-capability case in which costs

A can be directly compared; furthermore, measures of cost-effectiveness

will also be developed.)

C-SB costs were estimated with the same methodology used for the

other alternatives. The fact that similar aircraft (C-SAs) have al-

ready been procured but the production line has closed down makes our

costing fraught with uncertainty. For example, the RDT&E costs shown

in Table 11 presume that two C-SB development aircraft would be re-

quired. (Fivo VLA development aircraft are assumed.) If the presently

planned wing modifications to the existing C-5A fleet proceed [491,

perhaps one (or both) of the development aircraft could be eliminated.

Under such circumstances, total development costs could be reduced to

as little as 200 million dollars. But despite the uncertainty, the

C-SB life-cycle cost estimates should be adequate for the purposes of

the present study.

SOME SENSITIVITIES FOR THE VLA-JP

Numerous factors affect the es mation of aircraft life-cycle

costs. Some are related to the acquisition strategy; others involve

awe should also note that these unit fuel costs are based on the

actual cost of producing the synthetic fuel, including a reasonable
return on investment [191. They are not intended, however, to reflect
fuel prices under actual market conditions. For example, the actual

- cost of extracting crude oil in the Middle East is only a small frac-
tion of the market price of crude oil set by OPEC. To predict such
market prices" for any of the synthetic fuels or for nuclear fuel is

beyond the scope of the present analysis.
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analytical uncertainty in the costing methodologies. Below we provide

two specific examples. The first shows the sensitivity to the number

of aircraft procured and the second illustrates the potential errors

in the estimates for the VLA-class aircraft.

Effect of Production Quantity

Table 12 presents VLA-JP life-cycle costs for various procure-

ment quantities. Note that development costs are identical for all

three quantities but thaL there is a very substantial variation in

unit flyaway costs. Procuring 224 UE rather than only 48 reduces the

average unit flyaway cost by more than 50 percent. Similar effec:s

can be observed with the total life-cycle costs. For 48 UE, the

average life-cycle cost per UE is 380 million dollars; if 224 UE are

procured, this figure is reduced to only 139 million dollars per UE.

Obviously, how expensive a particular aircraft is perceived to be is

very dependent on how many airplanes are eventually procured.a

Effect of Potential Errors

We mentioned in Section IV that estimating the costs (and other

aspects) of large airplanes is particularly difficult because they

are far removed from the data base of existing aircraft. Table 13,

which displays three cost estimates for the VLA-JP, provides insights

into the significance of this analytic difficulty. The low and high

estimates are based on cost estimating relationships developed by
b

Rand (described in Appendix Db). The nominal estimate is based on

aInterestingly, all of the VLA alternatives exhibit similar cost

characteristics as the number of UE procured increases except the
nuclear airplanes. This is a consequence of our using a much more
modest learning curve for the nuclear reactor system. (Indeed, for
the nuclear reactor itself, the estimates postulate no effect from
the learning curve [101.) Of course, we may be overly pessimistic
since such a reactor has yet to be built. However, experience to
date indicates that the effect of the learing curve is considerably
less dramatic for nuclear reactors (see Append'x D).

b A i I) also contains further data on the costs of each al-

ternative. Included are acquisition costs (low, high, and nominal
estimates) in terms of the number of UE procured and 20-year O&S
cost estimates for different assumptions regarding the peacetime uti-
1li.ton rate (2, 4, and 10 flying hours per day).
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the average cost calculated with the available estimating relation-

ships for each cost category. (All costs throughout this report cor-

respond to this nominal estimate.)

Table 13 shows a spread of about 30 million dollars in unit

flyaway-cost estimates. Similarly, the high and low life-cycle cost

estimates deviate about 16 percent from the nominal.

Given this kind of uncertainty, we cannot attach a high degree of

confidence to our cost estimates--at least in an absolute sense.

We believe, however, that the estimates do have a value for indi-

..ting relative costs. That is, comparisons of the life-cycle costs

of the VLA-JP and the VLA-LH2 should be more reaningful and accurate

than the variation in cost estimates exhibited in Table 13 suggests.

Moreover, estimates of life-cycle costs made by ASD as part of
a

their VLA design work prove to be in the same general range as Rand's.

Figure 16 compares these two sets of estimates. Observe that for all

r of the alternatives the difference between the ASD and Rand cost esti-
b

mates is less than 10 percent.

aASD's methodology is briefly explained in Appendix D.

bNote that Fig. 16 is based on the procurement of a total of 112

4 aircraft of each type--that is, without the pipeline and attrition
aircraft included in our previous estimates.

Aj
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VI. LIFE-CYCLE ENERGY CONSUMPTION ESTIMATES

We have defined the life-cycle energy consumption of a fleet of

aircraft as the energy expended in aircraft acquisition plus that

associated with 20 years of aircraft operation. This latter quan-

tity, termed the O&S eaergy, is approximated by the fuel consumed by

the aircraft during their life cycle. Acquisition energy depends on

the quantity of aircraft procured; O&S energy depends on the number

of aircraft and is also a function of the assumed utilization rate.

In this section, the life-cycle energy consumption of the four design-

point alternatives is illustrated using procurement/utilization rate

assumptions identical to those of the preceding section: 112 UE air-

craft and 720 flying hours per year (with allowance for the depot-

maintenance pipeline and attrition). The results are presented in

terms of both direct and total energy consumption.

DIRECT ENERGY CONSUMPTION

As the term implies, direct energy consumption is the energy di-

rectly consumed in building and flying the aircraft. Aircraft acquisi-

tion energy, for example, includes all of the energy consumed by the

aircraft manufacturing facility (e.g., electricity for lighting, for

running the machines that fabricate parts, etc.). The direct O&S

energy consumption is the energy content of the fuel consumed by the

aircraft fleet (based on the gravimetric heats of combustion shown in

Table 3).

The direct energy consumption of the four design--point airplanes

is depicted in Table 14. Note that the life-cycle consumptions of the

three chemical-fueled alternatives are comparable, with a slight advan-

tage accruing to the liquid-hydrogen-fueled airplane. The VLA-LH2 is

the least energy-intensive because of the lower gross weight (and con-

comitant lower empty weight) provided by this high-energy-density fuel.

Observe, however, that the energy-intensiveness of the VLA-NUC

is about thrice that of the chemical-fueled airplanes. As already
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7Table 14

ILLUSTRATIVE LIFE-CYCLE DIRECT ENERGY CONSUMPTION
FOR TIE DESIGN-POINT ALTERNATIVES

(Quads)

Aircraft Acquisition 20-Years' Fuel Total

VLA-JP 0.04 1.15 1.19

VLA-LCI{ 0.04 1.22 1.26

VLA-LH2  0.03 1.01 1.04

VLA-NUC 0.09 3. 4 3 a 3.52

NOTE: Based on the procurement of 112 UE aircraft and
on an average UTE rate of 720 flying hours per year.

alncludes JP consumption of 0.51 Quads.

noted, the VLA-NUC requires more energy just to maintain steady-state

flight because it has a significantly higher average in-flight gross

weight. Equally important is the reduced turbine inlet teoperature

for the dual-mode engines necessitated by the temperature limitations

of the nuclear reactor system. (Recall that these engines operate in

the nuclear mode at a turbine inlet temperature of only 1600'F compared

to - maximum of 2500*F for the chemical-fueled engines.) That the pro-

pulsive efficiency of a turbine engine is strongly dependent on the

maximum turbine inlet temperature [50) is reflected in these results.

Note that the energy consumption of the VLA-NUC also includes the JP

consumed during takeoffs and landings.

Although interesting insights can be obtained by comparing the

direct energy consumption of the alternatives, we believe that direct

consumption is an inappropriate measure of life-cycle energy and that

the alternatives ought to be judged by their life-cycle totaZ energy

consumption.

TOTAL ENERGY CONSUMPTION

'lotal energy can best be define-I through tne example of fuel
energy. Direct energy consumption is the energy content of the fuel
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consumed on board the aircraft; total energy consumption includes all

of the energy expended in the fuel supply process as well.

Fuel Energy

Figure 17 displays the total energy input for each unit of
useful energy output (i.e., fuel plus useful by-products) for the
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Fig. 17 Total energy input to obtain one Btu )f output energy in the
form of synthetic fuel plus useful by-products [19]

three synthetic chemical fuels. (Again, we are assuming that all

three are being synthesized from coal [19].) Energy expended beyond

the useful output (i.e., the energy lost) includes

o Thermodynamic losses in the various conversion

sLeps (e.g., coal gasification or liquefaction)
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o Process energy requirements (e.g., electricity

required to liquefy the cryogenic fuels)

o Distribution and storage losses

o Energy expended in building the required

facilities

Figure 17 reveals that about 2.6 Btu's must be expended for each out-

put Btu of liquid hydrogen and by-product. The corresponding energy

ratio for liquid methane is approximately 1.8 and about 1.6 for syn-

thetic jP.a Thus, the total fuel-energy consumption can be obtained

through multiplying the direct consumption by the appropriate energy

ratio.

Development of an analogous energy ratio for the fuel cycle of

the nuclear airplane is illustrated in Fig. 18. The depicted resource

energy flows are based on the energy content of the fissionable ura-
~b

nium isotope. Note that the principal process energy input is that

required for enrichment. Also, we have assumed that most of the un-

used energy embodied in the reactor core at the end of 10,000 reactor-

hours is recoverable. With this rather conservativec view of the

nuclear-fuel cycle, the total-enerpy ratio is anproximatel" 1.5.

(The details of the fuel-cycle analysis for aircraft nuclear reactors

are discussed in Appendix E.)

aThese values are based on the incorporation of advanced-technol-

ogy in the supply processes. With existing technology, the energy
ratius for LH2 , LCH4, and synthetic JP would be 3.2, 1.9, and 1.7,
respectively (19].

bThe fissionable isotope of uranium "burned" in the aircraft

reactor is U2 35 . Only about 0.7 percent of uranium oxide (U308) ore
is U2 35--the rest being U2 38 which is not fissionable. Ground-based
light water reactors require the fuel to be enriched to about 3 per-
cent U2 35. The average enrichment of the airborne liquid metal re-
actor's fuel is approximately 60 percent. (See Appendix E.)

conservative in the sense that, depending on the viewpoint taken,

the en-rgy ratio for the nuclear-fuel cycle could be significantiy
larger.
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Fig.18- Energy flows (based on 10,000 reactor-hours for the VLA-NUC)
in the fuel :ycle for an aircraft nuclear reactor (from Appendix E)

Acquisition Energy

To complete the determination of total energy consumption, we
must also include the total energy of aircraft acquisition. This
includes, for example, energy consumed in manufacturing the aluminum
from which aircraft parts are fabricated.

Our technique for estimating the total acquisition energy is
based on approximate relationships between energy consumed and dol-
lars expended in various Industrial sectors. Table 15 displays such
factors for both direct and total energy consumption. These factors
are based on an input/output analysis of the U.S. economy which empha-
sized those industries supporting national defense [51]. As such,

aTotal consumption factors are estimated by apportioning the
total energy consumption of the United States to the various in-
dustrial sectors in accordance with their requirements for energy,
material, etc.
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Table 15

ENERGY INTENSITY OF AIRCRAFT ACQUISITION [50]
(In million Btu per 1975 dollars expended)

Category Direct Energy Total Energy

Airframe 0.0018 0.0145

Engines 0.0055 0.0334

Avionics 0.0028 0.0208

Initial Spares, etc. 0.0035 0.0263

the results for total acquisition-energy consumption should be re-

garded as first-order approximations. Since the acquisition energy

is small compared to fuel energy, the approach is sufficiently ac-
curate for present purposes.

Life-Cycle Energy Consumption

Table 16 summarizes the life-cycle total energy consumption for

each of the design-point very large airplanes. Because of the

Table 16

ILLUSTRATIVE LIFE-CYCLE TOTAL ENERGY CONSUMPTION
FOR THE DESIGN-POINT ALTERNATIVES

(Quads)

Aircraft Acquisition 20-Years' Fuel Total

VLA-JP 0.29 1.84 2.13

VLA-LCH4  0.31 2.20 2.51

VLA-LH2  0.25 2.63 2.88

VLA-NUC 0.65 5 .25a 5.90

NOTE: Based on the procurement of 1'2 UE aircraft and
on an average UTE rate of 720 flying hours per year.

anclude JP consumption of 0.81 Quads.
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energy-intensiveness of the liquid-hydrogen supply process, the

VLA-LH2 is the largest consumer of total energy among the chemical-

fueled alternatives. Interestingly, if the JP were refined from

crude oil, the VLA-JP would appear even more favorable since the

fuel's energy ratio under these circumstances would be about 1.2 [48].

The VLA-NUC remains the most energy-intensive of all the design-

point alternatives. However, comparing the VLA-NUC with the chemical-

fueled airplanes is difficult because of the different resource bases

being exploited. For example, if nuclear energy were far more abun-

dant than coal, then the greater energy-intensiveness of the nuclear

airplane might be of little significance. However, when comparing

the energy consumption of alternatives which exploit different energy

resources, the niagnitude of the pertinent resource bases must be

taken into consideration.

ENERGY RESOURCE DEPLETION

Figure 19 displays the most recently available estimates of re-

coverable primary energy resources within the U.S. The relative abun-

dance of each resource is depicted by its area in the figure. Unshaded

areaj represent the portion of the resource economically recoverable

with present technology. Also shown, for reference purposes, is the

anticipated range of cumulative U.S. energy requirements through the

end of the century.

We here assume (as we have throughout this report) that each of

the alternative chemical fuels is synthesized from coal. As noted

previously, the reliance on coal is appropriate since it is the most

abundant of all the nonnuclear and nonsolar energy resources. Indeed,

Fig. 19 indicates that the presently recoverable coal resource base

exceeds the sum of these other resources--even with advanced technology.

How should the alternatives be judged in terms of energy resource

depletion? As a first step, their life-cycle totaZ energy consumption

can be compared to the size of the appropriate resource base, shown in

Fig. 19. For this purpose, Table 17 presents the estimates of life-

cycle total energy consumption for each alternative. These estimates
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Table 17

TOTAL ENERGY CONSUMPTION OF THE ALTERNATIVES
(Quads)

Station-
Airlift keepiug Both

Alternative Fleeta Fleet Fleets

C-SB 2.58 15.37 17.95

VLA-JP 2.13 12.35 14.48

VLA-LCH4 2.51 14.95 17.46

VLA-LH2  2.88 i 17.91 20.79

VLA-NUC 1 5.90 j 33.36 39.26

VLA-LH2* 3.10 18.92 22.02

VJLA-NUC* 7.37 42.04 49.41

aExtracted from Table 20.

bExtracted from Table 23.

assume that the aircraft serve in both the airlift role (discussed in

Section VII) and in a station-keeping role (Section VIII).

Chemical-Fueled Alternatives

Comparisons between the chemical-fueled alternatives is straight-

forward since all are depleting the same resource. Their life-cycle

energy consumption would represent between 0.11 percent (VLA-JP) and

0.17 percent (VLA-LH12*) of the available coal. Note that if the C-5B

telied on petroleum as the jet fuel source (as does the C-SA at pres-
a

ent), then its consumption would be 1.6 percent of that resource;

it would thus present a much less favorable picture.

aFar simplicity, we are assuming that the entire life-Lvcle

energy requirement is obtained from a single resource. Obviotsly,
this is unlikely in practice, but since fuel energy represents -
far the largest single component of the life-cycle total, the ap-
proximation stems appropriate for the present discussion.

- ---- - iihiiiU1i
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Nuclear-Fueled Alternatives

Comparisons between the chemical- and nuclear-powered alternatives

can also be made that are more meaningful. Consider first the situa-

tion if only light water reactors are available for ground-based power

generation (i.e., without the advanced-technology liquid metal re-

actors). For this case, the nuclear airplanes would consume from 2.2

to 2.8 percent of the available resource--more than ten times that of

any of the chemical-fueled airplanes when their fuel is synthesized

from coal. On the other hand, were the breeder reactor commercially

available, the nuclear airplane's consumption would represent onlya
0.03 to 0.04 percent of the nuclear resource. Under the latter cir-

cumstances, the nuclear-powered airplanes appear somewhat more attrac-

tive than the other alternatives. Thus, we are faced with the dis-

comforting situation in which the attractiveness of nuclear propulsion

hinges on unrelated developments. When, and if, the liquid metal fast

breeder reactor will enter commercial service is uncertain [53].

Another view of the resource depletion associated with aircraft

nuclear propulsion is also enlightening. Table 18 presents the most

recent estimates of domestic uranium resources in terms both of level

of assurance (that the reserves exist) and ERDA's index cost [54].

aThe astute reader will have observed that the preceding compari-

sons of the nuclear airplane's life-cycle energy consumption and the
magnitude of the resource base are not completely valid. The size of
the nuclear resource shown in Fig. 19 represents the energy extracted
from the available uranium resource using either of two broad classes
of ground-based reactor technology. As we note in Appendix E, how much
energy a given reactor provides from a given amount of uranium depends
on the type of reactor as well as its specific design. Thus, to com-
plete the picture we must consider the size of the uranium resource
base.

bobserve that the advent of the breeder reactor does not provide

an unlimited source of energy. Breeders simply make it possible to
use the otherwise nonfissionable uraniim isotope U2 38. This isotope
is more than 100 times more abundant than the fissionable Isotope,
U2 35 , which fuels the light water reactor. Thus, the introduction
of a breeder reactor would increase the size of the nuclear fission
resource base, as noted abov , and also allow lower-grade ores to
become economically viable (see Appendix E).
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Table 18

ESTIMATES OF U.S. URANIUM RESOURCES
(Thousands of tons& of U308 )

Identifiedb Potential (Undiscovered)c

Demonstrated Probable Possible Speculative Totals
~(Ident ified

ovn Proc.uctive New (Ioential
a Potential

.Districts Provinces Provinces --by Index

Measured Indicated Inferred Productive Formations New Cost)

- Decreasing Degree of Assurance

o'- Reserves I

s $8 280 300 l 210 30 820

Z) R eI a sReasonably Assured I

S9 to 10 60 160 190 80 490

$10 to 15 a 180 230 1 250 1 100 760

$15 to 30 180 280 710 210 1380

Totals 700 970 1360 420 34 50e
'f

$30 to 100 . Host Formations Other Than Sandstone, 100 to 500 ppm U308

$100+ " Chattanooga Shales, 60 to 80 ppm U309 -5000

-4

$150+ Chattanooga Shales. 25 to 60 ppm U308  -8000

SOURCE: Based on (541.

a 1.1 tons U308 - 1 metric ton U30S - 1000 klograms U308 .

bOres to grades down to approximately 0.12 percent U30 8 ; approximately 95 percent from sand-

stone host rocks.
COres to grades down to approximately 0.10 percent U30 8 , primarily from sandstone host, but

including small contributions from other host formations such as veins, conglomerates, and
tuffaceous material at grades down to approximately 0.25 percent U30 8 , where there are suffi-
cient data to Judge the possible quantity of uranium.

dThe index cost is not the average cost of production. And more importantly, i: is not te

price at which uranium .ill be sold.
eThis is a nei total, approximately 1,200,000 tons U3 08 higher than 1-1-74 estimates, a re-

sult of the Preliminary National Uranium Resource Evaluation Program (PNURE), started in late 1974.

fThere are other small domestic sources of uranium: 200,000 metric tons of depleted uranium
tails, cvailable to stock LMFI3s (sufficient for at 1east 2000 1000-W LMFBRs); 20,000 tons of
U30 recoverable 1rom copper ore leach solutions between now and year 2000; 70,000 tons of U308
recoverable from phosphoric acid made from Florida phosphate rock between now and year 2000;
2000-3000 tons U308 per year by year 2000 from lignite gasification assuming 75 percent recovery
of U30S and 20 percent of natural gas demand supplied from lignite. (No production now planned.)
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Note that the identified reserves (i.e., both demonstrated and inferred)

up to $30/lb amount to 700,000 tons of U308 (uranium oxide, or yellow-

cake). a The inclusion of potential reserves increases the total to

3.45 million tons.

In Appendix E, we calculate that the reactor core of each VLA-NUC

would require 297 tons of U308 (269,700 kilograms). A fleet of 224 UE

aircraft (258 total aircraft including the pipeline/attrition allowance)

would therefore require 76,630 tons of yellowcake to fuel all of its

reactors. Referring to Table 18, this amount of yellowcake corresponds

to 10.9 percent of the identified reserves and 2.2 percent of the total

identified and potential reserves. In either case, nuclear power for

airplanes promises to be an enormous investment of available U.S. ura-

nium resources. Of course, as we describe in Appendix E, not all of

the uranium in the reactor core is consumed. Indeed, most of the energy

content of the original core is available for reprocessing after 10,000

f hours of reactor operation. Nonetheless, the uranium is unavailable for

other uses while it resides in the aircraft reactor.

aThe index cost of uranium extracted today is about at the

$15/lb level.

eA

fe
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VII. THE STRATEGIC AIRLIFT MISSION

This section describes the relative attractiveness of the seven

alternative airplanes for the strategic airlift role. A detailed

comparison is made of the cost-effectiveness and energy-effectiveness

of the alternatives in six different mission scenarios.

GENERAL APPROACH

These strategic airlift mission analyses were accomplished with

the aid of an airlift simulation model. What follows explains our

approach in general terms. (Some detailed analytical aspects of the

airlift simulation are discussed in Appendix F.)

Units Deployed
The United States Army is presently organized into thirteen

active divisons. Of these, four and a third are located in Europe

and one in Korea. The remaining divisions, located in the United

States, are:

o Ist Mechanized Infantry Divisiona

o 2d Armored Division

o 4th Mechanized Infantry Division

o TRICAP Divisionb

o 82d Airborne Division

o 9th Infantry Division

o 25th Infantry Division

o 101st Airmobile Division

aOne-thiru of this division is in Europe.

bCurrently being restructured as the Ist Cavalry Division and

the Air Cavalry Combat Brigade. We have treated the TRICAP as a
standard armored division [55).
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The first three of the listed divisions have essentially a com-

plete set of duplicate unit equipment pre-positioned in the NATO the-

ater. (In the event of a major NA'r) reinforcement, troops in these

three divisions, plus a small amount of equipment, would be the first

units deployed to Europe. The unit equipment left behind in the

United States would subsequently be manned by reservists.)

Our strategic airlift mission analyses consisted of simulating

the deployment of these eight divisions and their '-ssociated initial

support increments (ISI). In the simulation, the unit equipment

weights for the divisions and the ISIs (See Table 19) were the actual

weights at the beginning of 1974 [55]. Table 19 includes only items

currently classified as air-transportable (i.e., items that can be

carried by a C-SA). Note that the weights for the three pre-positioned

divisions are much smaller than the others; for this reason, the totals

in Table 19 are valid only for a NATO deployment.

From Table 19, the total cargo for the eight divisions that must

be deployed is about 423,000 tons.b Existing NATO contingency plans

alnitial support increment is a planning concept used to represent

the aggregate of units required to support a division in combat for a
short period of time after deployment. As such, ISIs are made up of
the active and reserve units that are required to deploy with the divi-
sion. Each type of division has a notional ISI (i.e., a list of units
which operational planners believe can support the divisio', in a wide
variety of contingencies). We have used the notional ISIs as described
by the Army in 1974 but included only those units actually in existence
at chat time (including active and reserve units) (54). The makeup of
the ISIs vas assumed to be invariant for all of the deployment scenarios
examined in this analysis.

bDuring 1975, the Army restructured the composition of the units

listed in Table 19. Thus, the September 1975 TOEs indicate a total air-
transportable weight of some 477,000 tons. This augmented Army reflects
recent changes in the suppor: units, etc. One of the important aspects
of the augmented Army is that almost 38 percent (by weight) of the total
is outsized equipment; for the weights in Table 19, less than 31 percent
is outsized. Fortunately, this large difference has little bearing on
the present work since all of the alternatives have an outsize capability.
It could be critical, however, if nonoutsize cargo airplanes were under
consideration.
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t

Table 19

ARMY UNIT EQUIPMENT WEIGHTS (AIR-TRANSPORTABLE ONLY) T
(Tons)

Unit Division Weight ISl Weight

ist Mechanized Infantry 3,0 0 7a 3 7,2 2 3b

at
2d Armored 6,357 41,049

4th Mechanized Infantry 6,6 89a 36,682

TRICAP (1st Cavalry) 44,941 35,394

82d Airborne 10,119 38,374

9th Infantry 26,904 37,350

25th Infantry 26.904 29,446

101st Airmobile 11,057 31,762

otal 135,978 287,280

YjURCE: U.S. Army Tables of Organization Equipment (TOE),
March 1974 [54].

aExcluding pre-positioned equipment.

bMost equipment of the ISIs for the 1st Mechanized

Infantry Division has recently also been pre-positioned in

Europe.

call for a substantial fraction of this unit equipment to be trans-

ported by sealift (56]. For the present study, however, we assume that

all deployment requirements are to be met by airlift. For the NATO

mission scendrios, all units shown in Table 19 are deployed. In the

other scenarios, only the last five divisions listed and their ISIs

(i.e., everything except the pre-positioned divi;ions and their ISIs)

are assumed to participate in the deployment.

In the deployment simulatio 3, the ux.it equipment is moved from

an APOE (aerial port of embarkation) within one day's march of the

unit's a;tual location in the United States to the assumed APOD (aerial

port of debarkation) in the deployment are,. (Dtais are inlded in

Appendix F.)

-i4 ~-
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Before describing the mission scenarios that have been examined,-I

we emphasize that deployments of the units listed in Table 19 should

be regarded as illustrative only. The Army has recently proposed a 'I
major reorganization that would increase active strength to 16 divi-

sions by 1983. The unit equipment weight of these 16 divisions and

their ISIs might then exceed 600,000 tons [55]. Nonetheless, since
they reflect the deployment-requirements for a representative mix of

actual Army units, the results of the present study should provide a

meaningful basis for judging the alternative airplanes.

Deployment Mission Scenarios

The deployment scenarios examined in this work are intended to be

representative of the different kinds of missions that might be flown

if a worldwide deployment capability--without reliance on foreign bases

--were a U.S. military objective.

NATO Deployment. The ability of the United States to reinforce the

NATO theater rapidly in the event of a potential general war in Europe

is a virtial cornerstone of U.S. foreign policy [49,57]. In recent

months, numerous studies have examined near-term means for enhancing

our ability to airlift troops and equipment to NATO. All such studies

Jhave presumed that fuel is available in Europe for the airlifter's

return leg. We too analyzed this scenario (but with an obviously

longer-term perspective). In this scenario, il aircraft are presumed

to fly range missions, with Frankfurt, West Germany, the assumed APOD.a

Returning airlifters are routed through England to minimize the amount

of fuel being removed from the continent.

We also analyzed a NATO deployment scenario in which all airlifters

fly radius missions from the continental United States (CONUS). That

is, fuel is assumed to be either unavailable or at a very high premium

in Europe. It is difficult to assess the reasonableness and importance

of this scenario. One view is that the U.S. airlift fleet (including

all of the recently advanced enhancement options [49,57]) would daily

aActually, a number of points would serve as APODs. The use of i
Frankfurt only, however, greatly simplifiei the analysis--and with

little loss of realism.

14
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require about three times as much fuel for the return leg as the es i-

mated daily requirement of all U.S. combat aircraft at the start of

hostilities [58]. At the other extreme, it is held that the airlifter's

daily requirement is only about two percent of the jet fuel likely to

be on hand (in storage) in West Germany and the United Kingdom alone

[581. If the maximum amount of jet fuel that could be refined from

the crude oil on hand is included, the daily requirement could be less

than 0.1 percent [59,60].

Clearly, much depends on the nature of the conflict. If hostili-

ties are not yet under way, then the radius mi.;sion may be of litt]'-

interest. However, one of the principal arguments for enhanced airlift

capability is the increased threat to sea lanes. If sea lanes are in-

terdicted, we believe it logical to assume that Europe's fuel supply

and distribution system is also vulnerable either to air strikes or

sabotage. For these reasons, including the radius mission in the NATO

deployment scenarios appears reasonable.

Middle East Missions. Both range and radius mission scenarios

for the deployment of Army units to the Middle East have also been

analyzed. These scenarios reflect the mission requirements of airlift-

ing equipment to the eastern Mediterranean area. The APOD is assumed

to be Tehran, Iran, and this makes the mission one of the longest range

of any that are likely to be of interest. (The flight distance to

Tehran is approximately 700 n mi greater than that to Tel Aviv, Israel.)

Airlift missions to the Middle East are of particular interest

because of the potentially extreme flight distances. If no en route

refueling bases are available and overflight rights are restricted,

the flight distance from Dover AFB, Del., to Tehran is about 6100 n mi,

assuming overflights of Turkey. If no ov:rflights are permitted, then

the shortest route from CONUS to Tehran is through Andersen AFB, Guam.

The Andersen-Tehran leg is approximately 6700 n mi without overflights.

Fuel availability may be a more acute issue in these scenarios

.-" than in the NATO ones. In Section 1, we observed that the fuel removed

from Israel exceeded (by weight) the equipment delivered during the

1973 airlift--even with the Azores available for in-flight refueling.

Furthermore, depending on the nature of the conflict, fuel distribution
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and storage facilities may be quite vui.,erable. Under these circum-

stances, including radius mission profiles seems particularly appro-

priate.

[9Of course, our choice of Tehran as the APOD is only intended to

provide an illustrative example of this type of deployment mission.

Furthermore, he analytical results are equally valid when interpreted

in terms of resupplying equipment by airlift instead of the deploying

of actual Army units.

Far East Missions. The last two scenarios (again, for either

range or radius mission profiles) are deployments to the Far East.

These sceitarios were included as representative of long range/radius

missions in which U.S.-owned bases are available for refueling. Our

specific example is a deployment to Kuala Lumpur in Malaysia. For the

Far East deployment scenarios, the importance of examining radius mis-

sion profiles should be unquestion .

A candidate scenario that has not been examined in the present

work is the reinforcement of Korea. However, the requirements of such

a deployment are substantially less severe than those of either the

Middle East or Far East scenarios. For example, Seoul, Korea, is only

about 3500 n mi from Elmendorf AFB, Alaska. Alternatively, the Seoul-

McChord AFB, Wash., flight distance is about 4500 n mi. (In both cases,

we have assumed no overflights of non-U.S. territory.) Accordingly,

deployments to South Korea have requirements that are somewha' more

severe than the NATO deployments but substantially less than those of

the Middle East scenarios.

Routes and Bases

The strategic airlift mission analyses described in this report

are premised on the use of bases in the United States or on U.S.-owned

territory only. The locations of eight bases of particular importance

to the airlift missions are shown in Fig. 20. a (These eight bases were

aThe fuel supply systems (e.g., storage tanks, pipelines, etc.) for

the chemical fuels were sized to provide the fuel requirements of these
eight bases when supporting airlift operations. As such, the unit fuel
costs and the energy considerations discussed In Sections V and VI are
the average values for supply systems to each of these bases [19].

---------------. .......
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t d

k ', Middle East

@ Bases assumed to have .
liquid hydrogen or
liquid methane refueling ",
capabiity

Fig. 20 -Typical deployment routes

originally identified as the minimum number needed to provide, at

least initially, the capability for refueling the cryogenic alterna-1e: tives. With this initial basing structure, the cryogenic-fueled air-

t planes could provide a worldwide airlift capability.) For the range-

mission scenarios, we have assumed that the liquid-methane and liquid-

hydrogen-fueled alternatives have a dual-fuel system. Thus, they can

fly return legs using JP, and the availability of cryogenic fuel at the

kAPOD is not a requirement. If a dual-fuel system is not feasible, the

cryogenic airplanes might be restric'ed to radius missions only. The

implications of such a restriction will be brought out in the summary

discussion of the airlift analysis results.

Typical deployment routes are also illustrated in Fig. 20. In

this particular example, Fort Hood, Texas, serves as an example of an

Army equipment location. The APOE is Robert Gray Army Airfield (lo-

cated at Fort Hood). The routes shown on this chart are typical of

a chemical-fueled VLA flying a radius mission. For example, in the

I-
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NATO deployment, the VLA stops for a ground refuel at Dover Air Force

Base, Del., and then proceeds to fly a radius mission to the APOD

(Frankfurt). The VLA refuels at Dover on the return leg and then

flies to Robert Gray where it is loaded for the next trip. (The

cryogenic-fueled airplanes would not require refueling at Robert

Gray AAF).

On the other hand, when deploying to the ?iddle East using a

radius mission profile, the chemical-fueled VLAs would require an

in-flight refueling. In the case of the VLA-JP, a single outbound

refueling is required (from Dover)--the refueling taking place (using

buddy rules) just before the airlifter enters the Mediterranean. The

C-5B, on the other hand, would require both an outbound and an inbound

in-flight refueling. (Even with the two refuelings, however, it has

only about a 40,000-lb payload capability on this 6100 n mi radius

mission.)

Interestingly, the nuclear airplanes' routes for the NATO and

Middle East scenarios would be similar to those shown in Fig. 20 if

U.S. overflights with the reactor in operation were forbidden. The

only exception is the NATO range mission in which the inbound refuel- j
ing stop in England (assumed to occur at Mildenhall RAF) can be elimi-

nated.

The importance of Andersen AFB, Guam, to the Far East deployment

missions should be apparent from Fig. 20 (and Fig. 5 in Section II).

If Andersen were unavailable as a refueling base becau&e of hostile

action, several alternatives exist. Of the numerous islands in the

vicinity of Guam, only Wake Islard (approximately 1300 n mi to the

northeast) would appear suitable. If all potential refueling stops in

the western Pacific are discounted, then Hickam AFB, Hawaii, could be

employed. Using Hlickam, the flight distances for the Far East deploy-

ments would be similar to those of the Middle East missions from eastern

CONUS bases. Thus, as long as bases in Hawaii are assured, worldwide

coverage will be provided by the chemical-fueled very large airplanes.

One of the most attractive aspects of the nuclear airplanes is the

elimination of the need for at least one refueling base in the western

Pacific.
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Airlift Fleet Size

A measure of capability in the strategic airlift mission is tLie

number of days required to deploy the Army units of interest (i.e.,

the closure time). Since the weights of the units are assumed to be

constant, an equivalent measure of capability (or effectiveness) is

the average tons per day deployed (i.e., the total weight of the units

divided by the closure time). The airlift fleets can thus be sized

to provide a desired closure time for a particular mission scenario.

Figure 21 provides some typical examples of this measure of

capability. Depicted are the results for the deployment of the eight

Army divisions and their ISIs to NATO--assuming radius missions are

being flown.

1st Mechanized - Enhanced MAC fleet
2d Armored - 70 C-5M (modified wing)

..:.4th Mechanized - 234 C-141S (stretched)

- 128KC-135A tankers

, Prepo I1S1

TR ICAP

2-:-9d Airborne

~-112 VLA-JP
2 lthfanryi. . . .

: 10i1sf. Airbornei. ...

0-- 20 40 60 0 100
+;: Closure time

iC a(Days after mobilization)

Fig .21 -Capability examples for the NATO-radius mission
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The solid line depicts the closure time for a deployment using

the enhanced MAC fleet alluded to earlier. This fleet consists of

70 UE C-5As (with the Option H wing), 234 US stretched C-141s, and

is supplemented by 128 KC-135A tankers (which permit the airlifters

to fly radius missions). In this instance, approximately 80 days are

required to airlift the Army units of interest. Also shown are the

results for a fleet of 112 UE VLA-JPs; using only these airplanes

reduces the closure time to about 55 days.

The closure times presented in Fig. 21 have been estimated by a

moderately detailed simulation of airlift deployment. The simulation

includes such factors as ground times for loading, unloading, and re-

fueling; adjustment of flight distances for average winds; and the air-

lifter's range-payload characteristics and cargo compartment dimensions.

Two inherent analytical assumptions are particularly important, and

will ne summarized below. (They are discussed in detail in Appendix F.)

For the present work, we have made substantial modifications to

an existing Rand deployment model recently used to investigate alter-

native near-term means of enhancing strategic airlift in the con-

text of the NATO contingency [61]. An important implicit assumption

in this model is that, for each division or support unit originating

at a given APOE, all sorties flown by a particular airplane type will

reflect some average aircraft payload. For a given scenario, the

average loading is determined as the smaller of the volume-limited

average payload for equipment corresponding to each unit type, or the

maximum payload capability of the airplane for the wind-adjusted crit-

ical leg of interest (see Appendix F). In our present work, we used

average loadings that are comparable to those provided in the USAF Lir-

lift Planning Factors manual (AFM 76-2) for the C-5A and C-141A air-

planes [3]. The alternative to making such an assumption is to utilize

a detailed loading simulation model as discussed in Appendix F. Although

such a model presently exists at Rand [62], it is quite expensive to

use and applying it in the present work would have been prohibitively

costly because of the large number of cases tat would need to be

analyzed.
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Our second important assumption is that all unit equipment air-

craft maintain the same operational readiness rate. Specifically,

we have used an OR rate of 0.58; this corresponds to the OR rate that

the C-141A aircraft must maintain to yield an average utilization rate

of 10 hours per day in the NATO deployment scenario when flying range

missions. Both of these assumptions are consistent with our objective

of comparing alternative airplanes in the strategic airlift role.

However, when examining the absolute value of any of the deployment

parameters presented (e.g., comparing airlift closure time with clo-

sure time for sealift), caution should be exercised.

We have chosen to determine the fleet size for each of the alter-

native airplanes by requiring that each prnvide approximately equal

capability in the NATO reinforcement scenario. Indeed, the results

depicted in Fig. 21 for 112 UE VLA-JP indicate the capability to close

the eight divisions in approximately eight weeks when flying radius

missions to NATO. In 1974, Secretary of Defense James Schlesinger

suggested as a goal a closure rate of one division (plus support unit)

per week [6]. Use of this measure of desired capability for the other

alternatives yields the following fleet sizes: 112 UE for the VLA-JP,

VLA-LCH 4, and VLA-LH2; 96 UE for the VLA-LH2*; and 225 UE for the C-5B.
A

If we assume that the nuclear airplanes are not permitted to overfly

CONUS with the reactor in operation, then 112 UE VLA-NUCs are required

or 194 UE VLA-NUC*s. If overflying the United States with reactors in

operation were permttted, the same number of UE nuclear airplanes would

show a substantially greater capability. (We have analyzed both of these

situations and will disLuss this point at greater length subsequently.)

Cost-Effectiveness and Energ ,-Effectiveness Definitions

The preceding discussion '.dicated how fleet sizes for each of the

alternatives were fixed to proviv approximately equal capabilities

aThe C-5B fleet has been sized tG -lose the eight divisions in

eight weeks when all C-5Bs fly range mia.ions (i.e., the design mission
profile for thc C-SB). By coincidence, -.5 UE C-5Bs provide about the
same capability for the radius mission as ,e'e proposed enhanced MAC
(including the 128 KC-135A tankers).
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for the NATO radius mission. The fixed fleet size determines the

life-cycle costs and life-cycle energy consumption of each of the

alternatives. (Indeed, the examples presented in Sections V and VI

for the design-point VLAs all presumed 112 UE aircraft.)

If the same number of UE airplanes are applied to some other

deployment mission scenario, each of the alternative airplane fleets

will provide different levels of capabilities.a  C-sequently, to

facilitate comparing the alternative airplanes, measures of cost-

effectiveness and energy-effectiveness must be developed.

The following definitions of cost-effectiveness and energy-

effectiveness are offered for the strategic airlift mission.

o Coot-effectiveness:
: Net tonnage deployed)

Life-cycle ost Closure days

o Energy-effec t i eness:

Life-cycle energy consumption Net tonnage deployed
L crp Closure days I

The measure of effectiveness is Zhe average tons per day being deployed.

However, different definitions of net tonnage deployed have been used

for the range and radius mission scenarios.

Recall that for the range missions, fuel was assumed to be avail-

able at the destination for the return leg. This implies that the fuel

being removed from the theater is considerably less important than the

equipment being delivered. Hence, for the range mission we define the

net tonnage deployed as the total equipment tonnage plus the total troop

tonnage that has been moved.

On the other hand, for the radius mission, fuel availdbility at the

destination is assumed to be a critical issue. Thus, the definition of

net tonnage deployed was modified to be the equipment tonnage plus the

troop tonnage less the total tons of fuel that must be removed from

PaThis phenomenon is largely a result of the differences in range-

payload characteristics described in Section IV.
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the destination (presuming that all airplanes can use JP) for the

return flight. The principal reason for defining effectiveness in

this fashion was the C-SB's limited ability to perform the Middle

East radius mission. That is, realistic results can only be obtained

if the C-SB is allowed to take on some fuel at the APOD. In many

cases, particularly when carrying volume-limited payloads, the very

large airplanes have the capability to bring excess fuel (JP) into

the destination. When this occurs, they receive an effectiveness

bonus (usually quite small), since the fuel tonnage removed is nega-

tive. That is, the net fuel balance can be either positive (i.e.,

some fuel brought into the APOD) or negative. Note, however, that

in all missions analyzed, our ground rile constraints require that

the closure days be minimized rather than that the net tonnage de-

ployed per day be maximized.a

To illustrate these definitions, detailed results for the NATO

radius mission are presented in Table 20. Each column represents

one of the seven alternative airplanes; for purposes of comparison,

a column for the enhanced MAC fleet is also included. For each alter-

native, the parameters shown include operational characteristics of

* ,the airlift fleet, the life-cycle costs in billions of 1975 dollars,

a
of aThis definition of effectiveniss essentially equates a pound
of payload brought into the APOD with a pound of fuel removed. Con-
sideration of a somewhat different (and more complex) operational
concept for radius missions can also lead to this definition. Spe-
cifically, if we assume that fuel storage and transfer facilities
are available at the APOD, and that the vulnerability of these facil-
ities is not in question, then the deployment could be managed as
follows. The payload of some aorties will be volume-limited; on
these, fuel weight amounting to the excess payload capacity can be
off-loaded at the APOD and placed in storage. Other sorties, in
which the payload weight would normally be constra.ined by the radius
capability of the airplane, could carry an increased payload into the
APOD and subsequently withdraw sufficient fuel from storage to com-
plete the return leg. If properly managed, this operational concept
could yield a net fuel balance of zero at the end of the deployment.
Under such circumstances, the average tons per day being moved would
be approximately the same as that derived from the original definition.

,
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the life-cycle energy consumption in Quads, the capability as measured

in the ways described earlier, and finally the cost-effectiveness and

energy-effectiveness.

Consider first the operational characteristics. All of the VLAs

can fly this particular mission without tasiker support. However, 68

of the available 225 UE C-5B aircraft must serve in the tanker role.a

In the case of the enhanced MAC fleet, 128 KC-135As are required, as

noted earlier. Although all airplanes are assumed to maintain the

same OR rate, the UTE rate vpries markedly.b  Specifically, the less

time that a UE transport must spend on the ground (for refueling, etc.),

the higher the UTE rate. In this example, because we assume that both

nuclear airplanes are permitted to overfly the United States with re-

actors operating, they have the highest UTE rate. Although this is a

tenuous assumption, all of the results that follow are based on that

premise. (Our reasoning on this will be made clear shortly.)

Shown next are life-cycle costs. These have been separated into

system-acquisicion costs and the 20-year operating and support costs.

The O&S costs are based on an average UTE rate of two hours per day

per aircraft, a UTE rate that is approximately the minimum peacetime

flying schedule for airplanes of this type. (In Section VIII, we will

discuss O&S costs for much higher UTE rates.)

The life-cycle energy consumption characteristics are similarly

broken down, into consumption related to system acquisition and total

energy consumption attributable to a 20-year fuel supply.

The measures of capability are shown next. These include the clo-

sure days for this deployment scenario, the total tonnage of cargo and

a.
Determining the split between tankers and airlifters is discussed

in Appendix F.
bOne alternative to assuming a constant OR rate is to assume that

all airplanes participating in the deployment maintain the sane average
UTE rate. We have d.c "l.i '-A.e entire strategic airlift analysis
assuming that all airplanes average 10 flying hours per day. None of
the results changes substantially if the analysis is performed in this
fashion. The constant OR rate results are presented because we believe
them to be better approximations of reality.
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troops that have been airlifted, the net fuel balance (at the APOD),

and finally the total number of sorties flown. A positive fuel bal-

ance indicates that that quantity of JP has been delivered to the

APOD, along with the equipment and troops.a The enhanced MAC fleet

and the C-5B require the greatest time to close--about 80 days. All

of the chemical-fueled VLAs require about 55 days. The nuclear air-

planes, since they are overflying CONUS with their reactors powered-
bup, reduce closure time substantially--to about 44 days. Note that

the total cargo and troop tonnage deployed is identical in all cases.

The bottom two items on Table 20 show cost-effectiveness and

energy-effectiveness. For this particular mission, the VLA-JP is the

most attractive in terms of cost-effectiveness. The least cost-effec-

tive alternatives are the nuclear airplanes. The VLA-JP is also the

most energy-effective and the nuclear airplanes are, again, the least

attractive.

f ,This analysis was performed for each of the six mission scenarios

described earlier. (Similar detailed results for the other five mis-

sion scenarios are presented in Appendix F.) The cost-effectiveness

and energy-effectiveness results for these analyses are summarized

below.

SUMMARY COMPARISON

Table 21 summarizes the relative cost-effectiveness and energy-

effectiveness of each of the seven alternative airplanes for each of

the six strategic airlift mission scenarios that we have investigated.

For simplicity, we have normalized these results to the cost-effective-

ness and energy-effectiveness of the C-5B when flying the NATO range

mission.

A negative fuel balance would indicate chat JP :s being removed

from the APOD for the return trip.
bsome of the fuel delivered by the nuclear airplanes might be re-

tained to Increase their emergency recovery range on the return leg.
The fuel balance shown in Table 20 allows only an 850 n mi recovery
range for the nuclear alternatives on the return leg.
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Table 211

SUMMARY OF RE'ATIVE COST AND ENERGY EFFECTIVENESS 0
FOR STRATEGIC AIRLIFT MISSIONS 1

Airlift Mission C-5B3 V LA-J P VLA-LCH VLA-LH VLA.IJUC VIA-ti LAU
__ __ __ __ __ _ __ __4 2 *2 _______.

£ Relative cost
NATO range F1.0I F1 .06 F1.24-1 1-1.2-81 1.63 F351 '1.92

NATO radius E123 1.01 1.1 11.141 1.6" 14"' F lj8_

Middle East range 11.841 1.65 I 1.86j I 1.881 2.57 1 1.951 _.0

Middle East radius 18.52 12.67 2.38 L 232 I 2.32 E2.33 -2.31f
Far East range F1.841 I 95, i1 1223 3.0 Y .3 .

I:Far East radius F1.531 E1.34E 1.56 '1.86 2.75 jtj F1.871 i2.79

NATO range 11.001 0=73 F0.9-01 11.01 F_4 F.1f4_ 2'_.22:

NATO radius Ii- 3 0. 70 1 -0.82f I 0.97I Ui.56 L9_i 171
Middle East range KLL l-a [Lu 1 36 LI±5_22_ 2.4 -F6l~

Middle East radius '_#3i_: F1.831.7 1.6 2.71 1. 971 F2.671

Far East range 1~ 5-1. I 164 I F 1. 88-1 :"3.-': 1.f 97 .
Far East, radius 11.53 0 .14 1151 29 1.59 1 3.22

most attractive 1 - Intermediate....Least attractive

Consider first the relative costs for t'ie NATO range mission. None

of the alternatives is more cost-effective than the C-SB; however, in

terms of energy, the C-SB appears considerably less attractive. For the

NATO radius mission, on the other hand, the relative cost of all the

chemical-fueled VLAs is less than that of the C-SB. It is interesting I
to note that the mni' ton profile flown on the NATO range mission approxi-

mately corresponds to the C-5B's design point, whereas the VLA's design

point corresponds essentially to the profile for the NATO radius mission.

The remaining missions provide insights into the off-design performance

of all the alternative airplanes.
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The intent of the summary presented in Table 21 is twofold:

first, to show how the relative cost and relative energy of the VLAs

and C-5B charge for the different mission scenarios and, second and

perhaps more important, to aid in the selection of the alternative air-

plane that is most attractive from an overall viewpoint. To do this,

however, one must attach a relative importance to each of the six mis-

sion scenarios, for some of the scenarios may be far more important

than others.

To help select the alternative that is most attractive overall,

we have indicated the relative rankings of the alternatives in each

scenario. For example, in the NATO range mission, the C-5B and the

VLA-JP are clearly the most cost-effective, the two nuclear airplanes

the least cost-effective, and the cryogenic-fueled airplanes in the

middle range. This ,cheme has been repeated for both relative cost

and relative energy in each mission scenario. Overall, the VLA-JP

appears to be the most at.ractive of the alternatives. However, care-

ful consideration shows that the VLA-JP does not overwhelmingly domi-

nate the C-5B in cost-effectiveness--particularly if the Middle East

radius scenario is discounted. (In many scenarios, the closure time

of the C-5B is substantially longer. However, closure times could

be equalized in any scenario by procuring additional C-5Bs. Under

such circumstances, the relative cost-effectiveness would not be

significantly altered.) None of the other alLernatives reasonably

challenges the superiority of the VLA-JP.

We have defined effectiveness as average tons per day deployed;

a general meaning can therefore be attached to these results. Rather

than only representing the deployment of the specific Army divisions

examined, they have equal validity for determining expected average

capability in aiLJifts of Army equipment for other purposes (e.g.,

:esupply missions, deployments of a more modest scale, etc.). This

assumes, of course, that the makeup of the divisions and support units
is typical of what would be moved in ot..er types of contingencies.
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In summary, then, we conclude that for the strategic airlift

mission, neither the cryogenic-c .led alternatives a nor the nuclear

alternativesb promise substantial benefits in cost-effectiveness or

energy-effectiveness when compared with the C-5B or the VLA-JP. The

choice between the C-5B and the VLA-JP is dependent on the relative

importance attached to the various mission scenarios as well as the

relative importance of cost and of energy consumption.

aRemember that the range mission results for the cryogenic-fueled

alternatives assume that etther: (1) cryogenic fuel is allailable at
the APOD for the return flight, or (2) the airplanes are capable of
making the return flight on JP. There are no insurmountable techno-
logical problems associated with a dual-fuel system for the liquid
methane or liquid hydrogen airplanes [63]. Of course, when operating
on JP, the airplane's performance will be substantially degraded, but

it should still be sufficient to perform the zero-payload return
flights. However, if neither condition is met, then for each deploy-

ment destination, the radius mission results for the cryogenic-fueled
alternatives must be compared with the corresponding range mission re-
sults for the other alternatives. Because of differences in the defi-
nition of the effectiveness metric, this can only be accomplished by

referring to the detailed results presented in Appendix F.
hThe reader is also reminded that the results depicted in Table 21

presume that the nuclear airplanes are permitted to overfly the United
States with their reactors in operation. If such overflights are for-
bidden, then the nuclear airplanes would appear even less attractive.

I+

-4"

Lp

w+ ..



113

VIII. THE STATION-KEEPING MISSIONS

In Section II, six broedly defined mission areas were identified

as candidate applications of very large airplanes. We have given our

analysis of two of these mission roles--airlifter and tanker (when

p"rticipating in strategic airlift operations). We term the remaining

four mission areas station-keeping missions.
a They are:

o Missile launcher

o Tactical battle platform

o Maritime air cruiser

o Command, control, and communications platform

Our strategic airlift mission analyses included detailed deploy-

ment simulations; theue were possible because mission requirements were

relatively well defined. The station-keeping mission requirements are

much less definitive, consequently they have been analyzed in a generic

sense. That is, the required mission profile for any of the station-

keeping missions will be characterized by the distance from the base

to the station-keeping point (i.e., the station radius) and the time

the airplane remains on-station (i.e, the time-on-station). 1ihus, by

parametrically considering several combinations of station radii and

times-on-station, the performance of each of the alternative airplanes

in such missions can be explored. (Although insights can thereby be

gained into the suitability of each alternative airplane as a platform

in these several applications, little can be said about the utility

oJ the various station-keeping missions themselves.)

GENERAL APPROACH

Below we discuss the r.1tionale for examining the station-keeping

missions in a generic sense. Also described is how life-cycle cost

aMore detailed descriptions of each mission area were presented

- in Section II.
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and life-cycle energy consumption estimates, based on the station-

keeping fleet size and operitional readiness rate, were generated for

each alternative. By then developing an effectivene - metric that Is

representative of on-station performance, the cost-effectiveness and

energy-effectiveness of each alternative can be expressed for any

station radius and time-on-station.

Station Radii of Interest

The station-keeping missions are discussed below in terms of

the station radius appropriate Lo each mission. In each instance,

the time-on-station is dependent on the requirements of the specific

missions.

Figure 22 displays the contours (as solid lines) of several rep-

resentative station radii; each station radius contour consists of

MISSILE LAUNCHER

I

,F; 9. 22 - Representative staion raii (an nm;) of potential
ero A statin - keeing miso

~~-.~ --- _ _ _ _ _ _ _ _ __O
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the set of points that are approximately equidistant from bases in

CONUS, or from Elmendorf AFB (Alaska), Hickam AFB (Hawaii), and

Andersen AFB (Guam).

Consider first a zero station radius (i.e., the aircraft remains

in the vicinity of the originating base). This is a profile appli-

cable to the airborne command post concept and the ICBM launcher but

of little interest to the other candidate missions.

Moving outward from CONUS, consider a station radius of 1500 n mi.

In the mid-Atlantic area, this seems to be a representative radius for

maritime air cruiser applications (either ASW or sea-lane control mis-

sions). Similar maritime missions might be performed by standing

about 1500 n mi off either western CONUS or Hickam. On the far right-

hand side of Fig. 22, a 1500 n mi station radius from Andersen AFB is

representative of the profile that might be employed by an air-launched

cruise missile platform for targets in the Far East. Similarly, this

station radius is applicable to a tactical battle platform for opera-

tions in the Far East or Southeast Asia. Finally, note that the

1500 n mi contour on the top of Fig. 22 is also applicable to missile

launchers (of either ICBMs or ALCMs) when northern entry into the

Soviet Union is desired.

The next station radius highlighted is 3000 n mi. In the North

Atlantic, this is the appropriate radius for tactical battle platform

operations in the NATO theater. It also provides coverage for tacti-

cal battle platform operations in the more distant parts of Southeast

Asia--again using Andersen as the originating base for the station-

keepers.

A station radius of 4500 n mi appears applicable to either a

tactical battle platform for M!Idle East operations or a missile

launcher that provides opportunity for southern entry into the Soviet

Union--either from the Mediterranean area or from west of the Indian

"P subcontinent.

Lastly, the 6000 n mi station radius would be useful for tacti-

cal battle platform opeCations in the Persian Gulf area or, perhaps,

for operations in the southern part of Africa.
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In our analysis of the station-keeping missions, we have expli-

cltly considered each of the aforementioned station radii (zero, 1500,

3000, 4500, and 6000 n mi); these radii, based on our preceding dis-

cussion, represent the likely spectrum of requirements for the various

station-keeping missions. It is our belief that station radii greater

than 7000 n mi are of little practical interest; Fig. 22 is offered as
a

the principal evidence for this assertion.

Our analytical approach for comparing the alternatives is to ex-

amine their performance at the likely extremes of the required time-on-

station at each of those selected station radii. By doing so, we cap-

ture all of the mission parameter space of interest for any of the

station-keeping missions.

Station-Keeping Fleet Size

To size the station-keeping fleet, we have assumed that the air-

planes used in these missions represent a second buy of as many air-

planes as required for the airlift mission. That is, the total number

of UE aircraft procured (airlifters/tankers plus station-keepers b ) is

assumed to be equal to exactly twice the number procured for the stra-

tegic airlift mission. This would result in acquisition costs lower

than the costs observed in the strategic airlift analysis, since there

would be no RDT&E costs associated with the acquisition program. In

addition, the learning-curve effect ,.iould significantly reduce the

average unit flyaway cost of the station-keepers.

aclearly, not all potential sta-ion-keeping missions are siown in

* Fig. 22. For example, one application presently being discussed is the
so-called "strategic reserve mission." The objective is to assure the
survivability of a reserve ICBM force by maintaining the weapons on an
airborne alert. As such, the carriers might operate from within a few
hundred miles of CONUS out to several thousand miles (e.g., in the South
Pacific). The intent of Fig. 22 is merely to broadly associate poten-
tial missions with an appropriate station radius.

bJust as some of the aircraft procured as airlifters must se rve as

tankers in some airlift mission scenarios, certain station-keeping mis-
sion profiles also require that some of the available UE be diverted for
tanker service.
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This apparently arbitrary specification of the number of UE in

the station-keeping fleet is rooted In an attempt to take advantage

of one of the conceptually most attractive aspects of multimission

aircraft. As observed in the preceding sections, airlifters and tank-

ers characteristically maintain low peacetime UTE rates (e.g., one to

three hours per day on the average). On the other hand, as will be

indicated in the subsequent discussion, station-keepers maintaining

a maximum airborne alert could average from 13 to 14 flying hours per

day. Consequently, aircraft serving exclusively in the station-keeping

role would expend their useful service life much more rapidly than air-

lifter/tanker aircraft, as illustrated in Fig. 23a. A multimission air-

craft could successfully exploit this situation. As demonstrated in

Fig. 23b, at the end of time Period I, the Group A aircraft would

switch from the station-keeper to the airlift role, the Group C air-

craft from the airlifter to the tanker, and Group B aircraft, would be-

come station-keepers for Period II. Similar role changes would occur

at the beginning of Period III. Thus, by appropriate manipulation of

operational roles, all UE aircraft would essentially wear out at about

the same time.

Of course, implementing this in practice would be complex. For

example, service life depends not only on flying hours but on the kinds

of mission profiles flown. Furthermore, additional costs would be in-

curred in the periodic changeovers of avionics, unique equipment, etc.

(Note that the airlifter and station-keeping fleets do not need to be

the same size; our assumption of equal fleet sizes is somewhat arbi-

* trary, although conceptually the most straightforward.)

In summary, our approach for estimating the life-cycle costs and

life-cycle energy consumption of each station-keeping fleet was the

following: Acquisition components were determined for the above-

specified fleet sizes using the information presented in Appendix D

and sections V and VI. Corresponding operating and support components

were developed by assuming that the station-keepers were utilized to

provide a maximum ccntinuous airborne alert capability for the speci-

fied operational readiness rate. For simplicity, all UE aircraft

(i.e., both station-kevpers and t.inkers) are assumed to maintain the



118

100

4_! 75Station- keeper*
* (to 4800 hr/yr)

Airlifter -

25

0....... Tanker (440 hr/yr)

Years -

(a) Dedicated to a single mission
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(b) Tyrcal service-life equalization program

Fig. 23 -illustrative equalization of service life for multimission aircraft
(adapted from Lockheed - Georgia Co. (133]
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same OR rate, which was fixed at 0.58. The resulting UTE rates are

specific to each alternative and mission profile (i.e., station radius

-. and time-on-station), as will be shown. The O&S costs and energy

consumption can be estimated, using the previously presented material,

once the UTE rate is known.

Measuring On-Station Performance

Our principal measure of effectiveness for each generic mission

profile is the total payload tonnage that can be maintained on-station

continuously. In other words, for each station radius and time-on-

station, each alternative airplane fleet will have a maximum tonnate

that can be maintained on-station; this maximum is achievable for some

specific vlix of carriers and tankers from the available UE total.a

Figure 24 provides some typical examples of the on-station per-

formance that can be expected from the very large airplanes for a

12-hour and a 324-hour minimum time-on-station. Presented are the

average payloads maintained continuously on-station as a function of

station radius for the VLA-JP and the VLA-NUC alternatives.

First, we should explain why the results depicted in Fig. 24

represent a ,ninimum time-on-station rather than a specified exact

time-on-station. In the case of the chemical-fueled airplanes, as

illustrated here for the VLA-JP, a slight irregularity in the symbols

with respect to the smoothly faired curves can bs observed. The ir-

regularity is partly a consequence of allowing the chemical-fueled

airplanes to remain on-station somewhat longer than the specified

minimum time. This prevents the airplane's receiving an in-flight

refueling while on-station, leaving the station within a short time

(whenever the specified time-on-station is achieved), and thus return-

ing to base with fuel tanks that are not neariy empty. Our analysis

requires that the airplanes remain on-station for at least the mini-

mum time and receive no additional in-fiight refuelings (on-station)

aThe details of the analysis, including the determination of the
mix between carriers (L.e., aircraft in 'he station-keeping fleet ac-
tually serving in the station-keeping role) and tankers, are included
in Appendix G.
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Fig..24 - Typical VLA on-station performance for I
112 HE aircraft

after that time. Thus, the symbols for the chemical-fueled airplane

represent actual station-keeping times of between 12 and 20 hours. We

think this is wholly consistent with the way such airplanes would be

employed in practice--at least, in peacetime.

Wc believe that 12 hours is the shortest time-on-station of inter-

est in the present study. The longer minimum time-on-station, 324 hours,

has its basis in suggestions by the aerospace medical community that

14 days (336 hours) is about the longest a crew could be expected to

tolerate an airplane's inherent noise and vibration levels [10]. Thus.

the twlo times-on-station Illustrated in Fig. 24 represent the likely

extremes that might be required by any of the station-keeping missions

and are' consistently used for this purpose throughout our analysis.

Consider next the VLA-NUC for the longer time-on-station. For

this, all 112 UE aircraft art able to serve as carriers and, therefore,
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on-station performance decreases only slightly as the station radius

increases. The slight decrease occurs, of course, because some of the

available operational time is lost flying to and from the statiol and

because we have assumed a constant OR rate. This effect is more sig-

nificant for the nucl'ar airplane in the 12-hour minimum time-on-

scation. Clearly, as the station radius gets larger, the airplane

spend3 a larger and larger fraction of its available operational time

flying to and from the station-keeping point.

Similar characteristics can also be observed for the VLA-JP. In

this instance, performance is markedly degraded (when compared with

the nuclear airplane) since some fraction of the 112 UE aircraft must

serve as tankers to support the station-keeping airplanes (i.e., the

carriers). Note, however, that even for VLA-JPs, somewhat better

sttion-keeping performance is obtained for the longer time-on-statioi.

Again, this is attributed to the carrier aircraft's spending relatively

less operational time getting to and from the station-keeping point.

We remiad the reader that the payload maintained on-station con-

tinuously should only be regarded as a proximate measure of effec-

tiveness for the station-keeping missions. However, since we are ex-

amining these missions in a generic sense and since our primary objec-

tive is tc identify the most attractive airplane alternatives for this

wide class of missions, the measure seems appropriate.

From Fig. 24, it is obvinus that, for the same number of UE

station-keepers, the nuclear airplanes w;1 ] provid! much greater capa-

bility than the chemical-fueled airplane. at any station radius. In-

deed, such a result should not be unexpected since the endurance char-

acteristics of nuclear-powered airplanes are perhaps their most attrac-

tive feature. Again, however, comparing alternatives will be greatly

facilitated by developing cost-effectiveness and energy-effectiveness

metrics; how this is accomplished is shown below by an example.

Sample Detailed Results

Table 22 presents details for the station-keeping mission that are

analogous to those presented earlier for the strategic airlift missions.

Specifically, Table 22 depicts analysis results for a station radius of

1500 n mi and a 12-hour minimum time-on-station for each of the seven
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alternative airplanes. These results are presented in terms of opera-

tional characteristics, life-cycle costs, life-cycIt energy consumption,

and resulting capability.

Note that in a maximum continuous airborne alert, a very high av-

_ erage UTE rate would have to be maintained--ranging from a low of about

12.1 hours for the C-5B to about 12.8 hours for the nuclear airplanes.

A direct result of the high UTE rates are the very substantial 20-year

operating and support costs. Over 20 years, Lhe station-keeping air-

craft would accumulate on the order of 100,000 flying hours per air-

craft. Indeed, the primary reason for having procured the same number

of airplanes as the number required for the airlift mission is the pre-

sumption that, at some stage of their life cycle, the station-keeping

and the airlift fleets could be interchanged, as discussed previously.

Note also how the total energy requirement for 20 years' fuel dominates

any energy that might have been expended in aircraft acquisition.a

The first parameter shown under capability is the actual time-on-

station. For the 12-hour minimum time-on-station, the chemical-fueled

airplanes range from a low of 14 hours to a high of 21 hours. To make

our examination of the nuclear airplane comparable, we have specified

its time-on-station as 16 hours. We also show the average number of

UE on-station at any given moment and the average payload on-station.

Using this latter measure of effectiveness, the nuclear airplanes show

the greatest capability; the C-5Bs the least.

Cost-effectiveness and energy-effectiveness parameters are the

final two entries in Table 22. Both cost and energy are quantified by

their life-cycle values, in billions of 1975 dollars and Quads of en-

ergy, respectively; the average payload maintained on-station in thou-

sands of tons serves as the proxy for effectiveness. For the 12-hour

minimum time-on-station, the VLA-JP has the most attractive cost-

effectiveness and energy-effectiveness parameters (i.e., least cost or

energy per ton of payload on-station). The least cost-effective are

the hydrogen airplanes and the least energy-effective the nuclear

af course, a reduced airborne alert would yield stbptantially

lower O&S costs. We have examined such cases and describe the re-
sults later in this section.
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airplanes. Clearly, these results will change somewhat if we extend

the time-on-station at the same station radius ae illustrated next.

Table 23 presents information similar to that shown in Table 22,

except that the minimum time-on-station has been increased from 12

hours to 324 hours. The principal changes are in the average UE on-

station and the payload on-station. Observe also that the generally

higher average UTE rates for this mission profile cause corresponding

changes in the 20-year O&S costs and energy consumption.

In terms of cost-effectiveness, the VLA-NUC now looks most attrac-

cive, but it has only a slight advantage over the VLA-JP. In energy-

effectiveness, the nuclear airplanes still appear least attractive and

the VLA-JP the most.

We repeated this type of analysis for all five of the previously

described station radii, using these two extremes of station-keeping

duration. Tables 24 and 25 summarize the results for these station-

keeping missions, in a form similar to that for the results of the

strategic airlift missions. (See Appendix G for more detail on the

station-keeping mission analyses.)1: SUMMARY COMPARISON

We first make a summary comparison of all seven alternative air-

planes. Logicallv stemming from this comparison is a more detailed

examination of the relative merits of the VLA-JP. and the VLA-NUCI' alternatives, the two alternatives that emerge as having the most
~potential.

Comparison of All Alternatives

Table 24 summarizes the relative cost-effectiveness and energy-

Reffectiveness of the seven alternative airplanes for each of the

selected station radii, assuming a 12-hour minimum time-on-station.

Again, we have normalized each entry by using the C-5B and its zero

station radius-mission profile as the hase. And, once again, the

least attractive alternatives, the most attractive, and those in the

intermediate range are highlighted.

LAM

&
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Table 24

SUMMARY OF COST AND ENERGY EFFECTIVENESS FOR STATION-KEEPING MISSIONS
(CONTINUOUS AIRBORNE ALERT-12-HOUR MINIMUM TIME-ON-STATION)

Station radius VLA-JP VLALCH4 VIM-H2 VLA-JUC VLA-LH VLA.NUC"
_ . ~ ~~~~(n mi)C-BVAJ V.H

Relative cost
0 1.00 1.01 1.21 1 .4 1..41 1.5i. 1.59:
150 0 i 4 i . . ..4o 1 q 2: h. 1 -6 2 .•~ H Lo ........'- ..
3000 ,_6. .290 1 3.661 ,3._54 F2.881W5"., , r--1-5.-8 2, i.4- EE r-f ---

4500 15 -5.152 5 3.6
6000 (a 8.45 0.' i Ro.4 F3.84 _9.3 F4.1_5

__ _ , lO~m n ' I4 , ___ ___-

Relative energy
p0 1. 00 F0. 87 F1.03.1] , ii F2J C ~7 i L7i'

1500 r .4 1.i 40 1.68 ] 1 1 . 1. 16

3000 .50 .46 ~ [~ j~)] 21 .5
4500 8 85 -4.371 L5.-,fl F5-0-9] 4.80f =5.02 '5W1
6000 (a) K1.11 =85 .1 5.6 -i.24' 6.30

~ Most attractive L --- ] Intermediate Least attractive

a Unale to fly this mission

A careful examination indicates that the VLA-JP has the most

attractive cost-effectiveness and energy-effectiveness character-

istics for the shorter station radii. For the longer radii, the

VLA-NUC is clearly most attractive, at least, in terms of cost-

effectiveness. None of the cryogenic-fueled airplanes appears to

offer any advantage in either cost-effectiveness or energy-effec-

tiveness over the VLA-JP or VLA-NUC. Except at zero station radius,

the C-5B is inferior to the VLA alternatives; indeed, it is actually

incapable of performing the 6000 n mi station radius mission (see

Appendix G).

Similar results for a 324-hour minimum time-on-station are

displayed in Table 25. These show a trend similar to that observed

for the 12-hour minimum time-on-station, except thpt Ole longest

station radius for which the VLA-JP airplane lool.s more attractive
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Table 25

SUMMARY OF COST AND ENERGY EFFECTIVENESS FOR STATION-KEEPING MISSIONS
(CONTINUOUS AIRBORNE ALERT-324-HOUR MINIMUM TIME- ON -STATION)

Station radius C-SB VLA-JP VLA-LCH VLA-+H VLA-NUC VLA-LH VLA-NUC"
(nm)4 22

Relative cost
L J ........._ _[i- F---, .... I L0 .0. 1 1. 03 .5_ 1. 1..:' 11.5oo

3000 ----------------------- r_ f............ .___.......1500 112 1 .563..6'......42
300 3..6.. .. .4 . [.

6000 -1 [5t tacivj [5.e d] 1__.50 [i5J Le t

ap reltrao o usin n fteatratives energyh

r- - -

1500 217 13.61_- - - - -.

1.3 ' 4 1 .0 546 6

VLHJ ii' FL FNUC.

3000 '3.6 .98_ L2.4- L_-1_

elative heereeyaporae. Orojc ekst elemr

4500 77j --- ---3- 2__
1.2 LJ 1.8, L292 2 1 . ~

lok ubtntalyMort attracti e - teredthe......Lestatrative? T s

omariUna l e toeismiso mdi em fcs-fetvns ny

Noenab2adtha the nuclear isubstantiallylesgains there i n

apeteasoan for pursuin any of the aernativges extathe ad

4-t a d .a n f ih I an .18 VLA-UC

TiMoe destaiedfecomions of the L-JP and nuceVA-fUele air-ne

planes thereforeseem appropriate Our obeteistdenemr

closelyos thara-vnpttwenthe twleats atrther

worsatnhtsainaisde the nuclear iosbtnilylsee.Aairntee beisno

looken subsnal ore ttrsigative thneVJ alternative this

effectiv an th AJ frolyte ey ogstsato rdi

MoeDetailed mprison s of the P- and heer-uee VLi-N-

Thek cobst-effeclyivees thtie thJan the VLA-NU alt rplaniehs

is displayed in Fig. 25 for a 12-hour minimum time-on-station.
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Constant 1915 dollars

16/

12 VLA-JI'

~ VLA-NUC -

,- ,7"Z ,;''Z H " Discounted 1975 dollars (at 107o)

- 0 1. . 1 1
S0 1000 2000 3000 4000 5000 6000

Station radius (n rai)

Fig. 25 - Cost-effectiveness of JP -and nuclear-fueled
airplanes in station-keeping applications, for 12-hr

minimum time-on-station (life-cycle costs based
. based on 90 flying hours/ month/ aircraft)

.. These extended comparisons assume the peacetime level of flying ac-

tivity has been reduced to about 90 hours per month per aircraft. This
Swould provide about 20 percent of the capability that would obtainfo

oo

a maximum continuous airborne alert. The life-cycle costs used in the

-calculation of cost-effectiveness have been determined using this re-

'± duced UTE rate. Our measure of effectiveness, however, is still that

obtained for a maximum airborne alert (i.e., for the wartime capability).

Thus, the approach is quite similar to that used to describe costs and
bffectiveness -or the strategic airlift missiona

Consider first the comparison between the Vb-JP and the VLA-NUC

~in which the cost-effectiveness is based on constant 1975 dollars.

tvyh believe the reduce airborne alert in peacetime is more repre-

usenlatve of how the sta on-keefers might actually be operated. How-
ever, had the life-cycle costs been based on higher UTE rates (as in
the maximum continuous airborne alert case), the analytical results pre-
sented in the following parageraphs would be quallatively urchanged.
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Figure 25 indicates that the crossover point occurs at approximately

3200 n mi. Thus, for smaller station radii the VLA-JP is more cost-

effective; for station radii in excess of 3200 n mi, the nuclear air-

plane is.

Because the nuclear airplane involves much larger acquisition
. ,a

costs but promises somewhat lower fuel costs, using discounted 1975

dollars to determine cost-effectiveness also seemed advisable. For

a 10 percent discount rate, the crossover point occurs at about 4000

ii mi. Remember that the station-keeping airplanes' acquisition costs

have, in this analysis, been calculated for a second-production buy.

Thus, the substantially greater RDT&E costs for nuclear airplanes are

not included in the discounting scheme. Including them could make

the nuclear airplane relatively less cost-effective.

Finally, one additional aspect of this comparison is of signifi-

cance. The crossover point is only of real interest if one assumes

that the entire fleet of station-keeping airplanes is flying missions

that have the same radius. However, quite probably the airplanes

would be employed in a variety of roles--at several different station

radii. To take the other extreme, one might also assume that the on-

station airplanes are distributed uniformly from a zero station radius

out to some maximum station radius. b Under these circumstances the

break-even point can again be located; it occurs when the shaded area

to the left of the intersection of the curves (at 3200 or 4000 n mi) is

equal to the shaded area to the right (the right-hand boundary of the

ii' shaded area delineates the break-even radius).

For constant 1975 dollars, the break-even point determined in

this fashion is about 5100 n mi. Stated another way, if the airplanes

are uniformly distributed, the maximu;n station radius must be greater

than 5100 n mi for the nuclear airplane to be the most attractive.

aOf course, when flying a station-keeping mission profile, the
nuclear airplanes consume relatively less JP than what is shown in

Appendix D. The O&S cost estimates for the VLA-NUC reflect this
lessened use of JP, which is more expensive per unit of energy.

bAn equivalent interpretation is to assume that there is an

equal likelihood of deploying all the station-keepers to any station
radius between zero and the maximum.
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The same argument holds true for discounted 1975 dollars. In

this case, the maximum station radius for a uniform distribution would

be in excess of 6000 n mi. In other words, for all of the missions

that can be considered viable by our earlier arguments, the VLA-JP

would always be more cost-effective than the VLA-NUC if the carrier

aircraft are uniformly distributed over the range of station radii of

interest.

Our previous results indicated that the nuclear airplane demon-

strated s'zbstantially greater capability for the 324-hour mission time-

on-station. Thus, one would most certainly want to employ that air-

plane in a profile with a long time-on-station whenever possible. How-

ever, we should mention that certain applications, like the tacticai

battle platform mission, might involve, at least in wartime, expending

consumables at a fairly high rate (such consumables as fuel for RPVs

or manned fighters, weapons for those vehicles, etc.). Consequently,

for applications of this sort, the 12-hour minimum time-on-station may

be the realistic maximum station duration, with the carrier airplane

then returning to its home base for repleni,;hment.

In Fig. 26, the previous results are replicated except fo~r a

324-hour minimum time-on-station rather than a 12-hour one. The cross-

over points defined by the intersection of the curves occur at about

1800 n mi for the constant 1975 dollars situation and 2500 n mi for the

discounted dollars. If a uniform distribution of station radii is

assumed for the station-keepers, the maximum station radius, in the

case of constant 1975 dollars, mu.i be at least 3200 n mi for the VILA-

NUC to look most attractive. If discounted 1975 dollars are used, this

maximum station radius extends to about 4500 n ml.

Not surprisingly, the VLA-NUC appears substantially more attractive

for the longer time-on-station case--regardless of which view (constant

dollars, discounted dollars, or operational concept) is adopted.

In what follows, we attempt to synthesize the observations made

in conjunction with Figs. 25 and 26. Figure 27 summarizes the preceding

cost-effectiveness comparisons just made of the VLA-JP and VLA-NUC. Our

objective here Is to delineate the regions of the mission parameter space

(i.e., the space defined by the time-on-station and station radius limits

considered in the analysis) in which each of the alternatives is the most

i :
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Conlstant 1915 dollars.

12

Discounted 1975 dollars (at 10%)
IN m 400o) 5000) 6000Station radius (n mi)

Fig. 2 6 -~COSt.effectivls 
Of JPpl-and nnuclear- fueledairplanes in stoti -.keep; ng ~ or 324-hour minimum time -on- Station (lie -cycle costs

on 0 lynghours/ month /oirrft)

400

................................. L

............................ A NUCMost cost-effective~300...... 
....

100

~aao Uncertainty...o.. .. ....

. . . . . . . . .. .... . ... ......
...... ...... ... 

...
...............

.. .. . .. 
.. 

....o 1000 ?00 300 40) 5000 6000 703DStation radius (n mi)

Fig. 27 -Summory of the relative cost-effectiveness ofthe VLA-JP vs. VLA-NUC for station-.keeping mission$
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cost-effective. The boundary on the left side of the figure (which

divides the region in which the VLA-JP is shown as most cost-effective

from the so-called region of uncertainty) has been determined from the

intersection points of the cost-effectiveness curves (for constant 1975

dollars) shown in Figs. 25 and 26. Similarly, the boundary on the right

is based on the required maximum station radius for a uniform distribu-

tion of station-keepers (using discounted 1975 dollars) taken from the

same two figures. Thus, the region of uncertainty reflects the mission

parameter space in which either alternative can be argued as cost-effec-

tive--depending on one's perspective.

From Fig. 27, it is clear that the VLA-JP is most cost-effective

for station radii of less than about 2000 n mi, regardless of the time-

on-station. At station radii greater than 4000 n mi, the VLA-NUC be-

gins to dominate as the most cost-effective.

Consider the region for which the VLA-NUC is without doubt the

most cost-effective. From Fig. 22, it was clear that very few viable

missions, except the tactical battle platform one, had station radii

greater than 4000 n mi. Furthermore, as noted previously, tactical bat-

tle platform missions in wartime would probably involve relatively short

periods on-station (perhaps less than 24 hours). These facts suggest

that the mission parameters for which the VLA-NUC is dominantly cost-

effective may be of little interest--at least for the station-keeping

missions that we have discussed. Of course, if the region of uncertain-

ty is apportioned between the JP and nuclear alternatives, different

conclusions can be drawn. However, our principal observation is that

the VLA-NUC dominates in cost-effectiveness for only a relatively small

(and perhaps uninteresting) region of the mission parameter space.
These results for the station-keeping missions must be consiidercd

in concert with the results for the strategic airlift mission. The

life-cycle costs of the station-keepers, for example, have been deter-

mined by assuming that airplanes of the same type have previously been

procured for use as airlifters. If JP-fueled airplanes were procured

as airlifters (because of their relatively more attractive cost-

effectiveness and energy-effectiveness) hut nuclear airplanes were

desired for the station-keeping role, the results shown in Figs. 25
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through 27 would change markedly. Specifically, charging the RDT&E

costs and the resulting greater unit flyaway costs against the VLA-NUC

station-keepers would make the nuclear alternative substantially less

cost-effective than they are in Figs. 25 to 27. On the other hand, if

nuclear airplanes were desired exclusively for the station-keeping role,

it might be possible to relax the design constraints and thus mitigate
a

some of these increases in cost.

aFor example, if the nuclear airplanes were configured as sea-

planes, as mentioned in Section IV, their cost-effectiveness in the
station-keeping role might be significantly enhanced.

I

I'

I,
I
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IX. CONCLUSIONS

The two principal objectives of the research described in this

report have been to determine the most attractive aircraft fuel for

future Air Force use and to provide some insights regarding the miliL-

tary utility of airplanes that have a gross weight of from one to

two million pounds. This section presents our summary observations

and conclusions.

Clearly, the validity of these observations is highly dependent

on the uncertainties inherent in any analysis of this type. We there-

fore discuss how such uncertainties might affect our results. We then

analyze the implications of foreseeable advances in technology, and con-

clude with an explanation of why we feel our results can be regarded

with a relatively high degree of confidence.

SUMMARY OBSERVATIONS

The liquid-methane-, liquid-hydrogen-, and nuclear-fueled very

large airplanes appear to be the least attractive alternatives for

the strategic airlift mission and the JP-fueled VLA the most attrac-

tive. However, our results indicate that, in terms of cost-effective-

ness, the C-5B is a potentially attractive competitor of the VLA-JP--

at least for certain of the deployment missions analyzed.

For the station-Keeping missions, the C-5B, the liquid-methane,

and the liquid-hydrogen VLAs proved to be the least attractive. The

VLA-JP appeared the most attractive station-keeper for the smaller

station radii, whereas the nuclear-powered VLA was most attractive

for larger station radii. Our results indicated that the station-

radius crossover poinL was in excess of 4000 n mi; that is, for sta-

tion radii greater than 4000 n mi, the VLA-NUC begins to be dominantly

more attractive than the VLA-JP.

Most Attractive Aircraft Fuel

A liquid hydrocarbon Jet fuel, similar to today's JP-4 or JP-8,

Is clearly the most cost-effective and energy-effective fuel for very
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S.arge airplanes. Such a fuel could be synthesized from coal, oil shale,

or (presuming that other energy consuming sectors reduce their demand

for petroleum products) refined from crude oil as it is today.

This conclusion is substaAttially strengthened by two additional

observations. First, a JP-type fuel is almost certainly preferable

for the other types of aircraft within the Air Force Inventory--like

fighters. We know of no studies which suggest that any other fuel

alternative is suitable for these smaller airplanes. Secondly, con-

tinued use of a conventional jet fuel should ease the problems asso-

ciated with making the transition from crude oil to other primary en-

ergy resources. Indeed, a recent change in Defense Department policy

req,,ires that

All new turbine powered aircraft shall be designed to
operate on middle distillate turbine fuel, JP-8, as
well as on JP-5 and JP-4 [54].

Such flexibility is important because the desirable specifications for

synthetic jet fuels are still uncertain (see Section X).

Liquid hydrogen and liquid methane pose difficult development

problems and may result in aircraft fleets that are operationally con-

strained because of the limited availability of these fuels outside of

CONUS. Our study indicates that neither cryogenic fuel results in a

significant savings of cost or energy. Thus, we see no incentive to

develop military aircraft which would use these fuels--at least, until

U.S. petroleum, oil shale, and coal resources are near exhaustion.

Associated analyses suggest that our coal resources will be less than

50 percent depleted by 2025 [19]. Thus, utilization of cryogenic fuels

in aircraft entering the Air Force inventory before the end of the cen-

tury need not be considered (use of liquid methane under these circum-

stances would, of course, require an appropriate source of carbon).

Although our analysis indicated little potential for aircraft

nuclear p:opulsion, modification of the design constraints imposed

upon the VLA-NUC (and VLA-NUC*) could enhance its attractiveness. For

-. example, shutdown of the reactor during takeoff and landing may not

significantly improve the safety char ,cterfstics of nuclear airplanes.
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If that is so, employing full reactor power during takeoff (probably

with some assistance from chemical fuel) would result in substantial

reductions in aircr.%ft gross weight. On the other hand, more strin-

gent crash containment criteria may be needed, and these would result

in a still heavier reactor system. In general, much uncertainty

exists in the weight estimates of the nuclear reactor system.

The Potential of Very Large Airplanes

Our results indicate that very large airplanes may not be sub-

stantially more cost-effective than contemporary airplanes for cetain

airlift mission applications. Indeed, for some mission scenarios (e.g.,

NATO reinforcement--assuming fuel is available for the return leg),

the C-5B displayed a somewhat better cost-effectiveness.

On the other hand, the very large airplanes clearly enhance the

capability to perform missions not routinely performed at present.

They could provide an essentially worldwide airlift deployment capa-
bility that does not rely on overseas bases--at least, on overseas

bases not owned by the United States. For the station-keeping missions,

the VLAs provide much greater flexibility than existing equipment. In

all these applications, the VLA-JP will be both more cost-effective and

energy-effective than any contemporary airplane. (The superiority of

the VLA-JP is, of course, partially attributable to its inicorporating

some modestly advanced technology the C-5B does not have; the attrac-

tiveness of the VLA-JP is, therefore, not wholly a consequence of its

size.)

As we will shortly explain, certain biases against the VLA-JP

have been (by intent) built into our analysis. Without these, the

VLA-JP would, in all likelihood, dominate the C-5B (or other contem-

porary equipment) in all measures of merit even more strongly.

Thus, the overall attractiveness of the VLA-JP should be apparent.

We are not suggesting, however, that a firn requirement exists for an

aircraft sized to the design constraints developed in this research.

Rather, the VLA--.P was intended simply to represent an airplane sub-

stantially larger Lhan any now available. That the VI.A-,iP appears

attractive in a variety of mission applications does indicate that a
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class of airplanes (in which the VLA-JP is probably the upper limit

in terms of size) should be subject to more aetailed analyses; with

these analyses it should be possible to identify the ultimately re-

quired design constraints. (See the recommendations presented in the

next section.)

These conclusions are principally based on the previously pre-

sented cost-effectiveness and energy-effectiveness of each alternative

in the various mission applications. When considering the merit of

alternative weapon systems, many other issues (e.g., vulneratility)

should be taken into account. If a perfect systems analysis wereI possibie, such issues could be explicitly included in the cost, en-

ergy, and effectiveness metrics. Since analytica, perfaction is sel-

Ak dom, if ever, attained (and certainly not in the present work), we

have resorted to a qualitative discussion of the relative merits of

each alternative with respect to a host of these auxiliary issues.

This discussion is presented in Appendix 11; the issues identified

are technical risk, basing flexibility, routing flexibility, in-flight

vulnerability, prelau,,ch survivability, development potential, crew

safety, public safety, air and noise pollution, energy and water re-

source depletion, land-use impact, and perceived threat value. Our

analysis suggests that none of the aircraft alternatives would be

1.aore attractive than the VLA-JP when these issues are included in

the deliberation.

THE EFFECTS OF UNCERTAINTIES

Many factors enter into any broad-brush systems analysis and each

such factor has some uncertainty associated with it. In the follow-

I ing paragraphs, we will address some of thuse and then infer their

implications for previously presented observations. Here, of course,

aThe safety aspects of nuclear-powered airplanes are sufficiently

important to be more extensively addressed in Appendix I.

; AA
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we are primarily concerned with those aspects of the analysis that

might affect the relative attractiveness of the alternatives, a

Implications of Advanced Technology

Aircraft Technology (Conventional Aircraft). As noted previously,

the conceptual designs of the alternative very large airplanes expli-

citly incorporate little advanced technology (except for the modest

assumptions regarding the turbofan engines). How the inc1.,sion of

such advances might affect our analysis is of obvious imocrtance.
Figure 28 highlights the differences in four distinct conceptual

designs of the VLA-JP.b The first dcsign in Fig. 28 (decioted ASD) is

the one used in our analysis; it is described in Appendixes A and B.

Three of the conceptual designs are based on the existing technology

(i.e., represent aircraft which could be operational by 1985). The

fcurth design incorporates substantial ad rances in the technology,

such as composite material in primary structure and advanced engines.

*: Such an airplane might become operational in the 1990s.

Two important deductions can be made from Fig. 28:

o The conceptual design employed in our analysis

(ASD) is the most conservative of the three

that represent current technology. (That is,

the ASD design implies that an airplane with

greater empty weight and gross weight ..

required to perform the dsign mission.)

aNumerous assumptions implicit to our analysis could markedly al-

ter the results in an absolute sense, but have little, if any, bearing
from a relative viewpoint. Consider, for example, the strategic air-
lift mission analysis. Our approach did not include such operational
problems as in-flight mission aborts, adverse weather, etc., but it is
difficult to imagine that incorporating such refinements would change
the outcome of the analysis. Note, however, that such 'efinements
would be necessary if the results were to be compared with other means
of accomplishing the mission--such as sealift.

fhe authors are grateful to Mr. Roy Lange of the Lockheed-Georgia

Company and Mr. Dan Brewer of the Lockheed-California Company, who pro-
vided the design results indicated in Fig. 28.
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' m Maximum gross
weight (2.25 g1

S# Operating empty
weight

ASD Lockheed- California Lockheed'Georgia Lockheed-Californ Is
1985 1985 1985 1990

(All aluminuml (All aluminum) (20% composites) (W% composites)

Fig. 28-Comparison of the empty and maximum gross weights of several VLA-JP
conceptual designs, with the year in which it is assumed to become operational

shown for each airplane (NOTE: Lockheed estimates are based
on preliminary conceptual designs of transport aircraft)

o Advanced technology holds the promise of sig-

nificantly enhancing the attractiveness of the

VLA-JP alternative.a

Thus, we feel confident that our comparisons between the VLA-JP and

the C-SB are strongly biased in favor of the contemporary airplane.

In other words, a more detailed design analysis--particularly if ad-

vanced technology is included--would tend to portray the VLA-JP as

even more desirable (compared to a contemporary airplane) than that

inferred from our previous presentations.

The next obvious question is: How will advanced aircraft tech-

nology affect the relative merit of the other VLAs? Since the pre-

ceding argument confirmed the superiority of the VLA-JP over contem-

porary large airplanes, we need only be concerned with how the other

VLAs compare to the VLA-JP for similar advances in the technology.

a of course, advanced technology would Plso enhance the attrAc-
tiveness of new airplanes smaller than the VLA-JP.
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2.4 Jet-fuel (JP) Liquid hydrogen (LH 2 )

12)

2.0

Fuel

1.6

B

" 1.2 Payload Fuel
. FlFFuel

\ Fuel -n

Payload 5-

0.8 Fuel

Operating N Payload ,l

eigt 
Operating

0.4 weightemt0A empty ,

Operating weight Operating

empty empty
weight weight

Current Advanced Current Advanced
technology technology technology technology

Fig. 29-The effect of advanced technology on the weights of JP- and LH2 -
fueled aircraft source (Source: Preliminary conceptual design estimates by

Lockheed-California Co. for transport aircraft)

Insights into the above question are provided by Fig. 29 which

compares the effect of advanced technology on airplanes fueled with

JP or LH2. (In Fig. 29, the definitions of current and advanced tech-

aa

nology are identical to those presented in conjunction with Fig. 28. a )

aIndeed, all airplanes In Fig. 29 are sized to the same design

point as the VLA-JP, except that a limit load factor of 2.50 g has
been assumed rather than the 2.25 g used in most other places in this
report. This difference in load factor Is thought to be inconsequential
to the comparison being made.
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Note that incorporating 1990 technology has very positive effects

for both JP and L 2 , but that, as Table 26 shows, the percentage im-

provement is more significant for tle JP-fueled airplane.

Thus, the implication of Fig. 29 and Table 26 is that advanced

technology would benefit the VLA-JP more significantly than the

VLA-L1 2 . Why this would be so can be explained as follows. The

effect of any advance in aircraft technology is to reduce the energy

requirements of the flight vehicle. For example, employing composite

Table 26

REPRESENTATIVE PERCENTAGE IMPROVEMENTS FROM
INCORPORATING ADVANCED TECHNOLOGY

JP-Fueled L112 -Fueled
Aircraft Aircraft

Operating Empty Weight ..... 53 40

Block Fuel Weight .......... 48 34

Gross Weight ............... 43 28

SOURCE: Figure 29.

material reduces the weight of the airframe, thus reducing the propul-

sive power required, assuming the aerodynamic characteristics remain

unchanged. Similarly, aerodynamic improvements accomplish the same

goal by increasing the lift-to-drag ratio. When advanced technology

is applied to some .,aseline design sized for a specific mission, the

improved design for accomplishing the same mission must be resized

to account for the resulting reduction in the energy required to per-

form the mission. This resizing would provide more pruounced improve-

ments for JP-fueled aircraft relative to L1. 2 , since JP is much heavier

per unit energy. That is, a reduction in the fuel-energy required by

the application of advanced technology provides a greater absolute

reduction in fuel-weight for ,JP compared to 1,112; this reduced fuel-

weight is magnified when the airplane is resized to perform the

original design mission, because reducing .I1 weight provides a

greater percentage reduction in gross weight.
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The above reasoning suggests that the application of advan-ed

technology to liquid-methane-fueled airplanes would result in only

slightly less improvement than that displayed by JP-fueled aircraft.

Nonetheless, neither cryogenic-fueled alternative displays greater

promise from the application of advanced aircraft technology than the

VLA-JP. a

Much the same fate awaits the nuclear-powered airplanes when

they are similarly examined. For these, advances in aircraft state

of the art imply a reduction in the reactor power required. To illus-

trate the likely effect, the VLA-NUC employs a 535-MW reactor and

the VLA-NUC*, a 390-MW one. Yet this 27 percent reduction in reactor

power reduces the weight of the reactor and containment vessel system

only 15 percent. Of course, this occurs primarily because the weight

of the containment vessel is not strongly dependent on design power-

level. Once again, then, the advantages of advanced aircraft technol-

ogy are more favorable for JP-fueled airplanes.

Fusion Reactors. In the introduction to this report, we ob-

served that controlled thermonuclear reactors offer great promise as

an eventual source of essentially unlimited energy. Whether such re-

actors could be employed for aircraft propulsion is a question of

obvious importance.

Although examining the otential applications of this largely

undeveloped technology is, to say the least, risky, such an analysis
l , b

has recently been informally performed at Rand. It concluded that a

laser fusion reactor system would probably be about twice as heavy as

a fission system for the same power output. The greater weight is

largely a consequence of the shielding required to contain the high

energy neutrons and gamma rays. Such shielding is available with

existing technology (and its weight is not likely to be reduced by

advanced technology); furthermore, all fusion reactors would require

similar shielding--regardless of their eventual evolution.

•The likely effect of advances in the fuel supply processes for
the cryogenic alternatives is deferred to the last subsection.

bThese calculations were performed by Dr. Harry Watanabe.
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Therefore, fusion does not appear to offer great promise for

direct aircraft propulsion. Were the technology available, however,

it would obviously lessen the demand for liquid hydrocarbon fuels by

other consuming sectors and, thus, greatly alleviate any future short-

ages of aviation fuels.

Unconventional Aircraft. This final class of advanced technology

has not yet been discussed. Although many configurations have been

proposed in the last several years, the most promising has been some

type of spanloader or distributed load airplane (i.e., essentially

a flying wing) [64]. These are of interest because they offer the

possibility of eliminating entirely the drag contribution of the

fuselage.

Such concepts have recently been evaluated in detail by the

major airframe manufacturers [65,66,67]. The overall conclusion of

these analyses is that the spanloader does not appear to offer the

advantages originally anticipated.

We should note that such unconventional designs are not likely

to affect the relative attractiveness of the fuel alternatives. In-

deed, most of the earlier discussion should be applicable to this

class of advanced technology also. (Nuclear power may be particularly

inappropriate for distributed load airplanes since the reactor system

represents an unwanted concentrated mass.)

Interest has been recently revived in lighter-than-air vehicles.I , To date, research on purely buoyant vehicles and also on hybrid con-

cepts (i.e., generating aerodynamic lift in addition to buoyant lift)

has generally suggested that t.iey would be inferior to airplanes in

most applications--particularly in those where speed (i.e., produc-

tivity) is significant.

We are unaware of any other unconventional design concepts (ex-

cluding those such as multilobe fuselages, which are actually varia-

tions applied to conventional airplanes) that offer the potential for

significant quantum improvements in airplane performance.

Overall Confidence in the Present Analysis

What degree of confidence can be placed In this analysis? The

careful reader may recall that. by design. many of the uncertantles
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that came up were resolved in favor of alternatives other than the

VLA-JP. For example, in Appendix F our approach for estimating aver-

age payloads in the strategic airlift missions may have undervalued

the capability of the VLA-JP compared to tile nuclear airplanes, the

liquid-hydrogen airplanes, or the C-5B. In tile just-concluded evalu-

ations of the effects of advanced technology the same bias has been

demonstrated. That the VLA-JP still emerged as the most cost-effective

and energy-effective alternative is, in our view, a 
powerful result.a

The following resolutions of uncertainty are also pertinent. For

the C-5B, we assumed that all tanker operations are flown at a load

factor of 2.00 g (ground-maneuver limit, see Appendix C). In the

station-keeping missions, C-5B carriers receiving an aerial refueling

were overloaded to an in-flight gross weight of 795,000 lb. Both

assumptions substantially improve C-5B performance.

For tile cryogenic airplanes, we assumed that the in-flight trans-

fer of cryogenic fuel will present no unusual problems. A more impor-

tant consideration for these alternatives, however, is the disparity

between peacetime and wartime (or surge) utilization rates. Clearly,

the fuel supply system must be sized for the wartime requirement.

Stanley has observed that if the system operatd at about 20 percent

of its capacity in peacetime (and this would be the case if the peace-

time UTE rate were 2 hours/day with a surge UTE rate of 10 hours/day),

the unit fuel costs for L112 must be increased by a factor of almost

threeb in order to recover the costs of the liquefaction facility [19,

48]. The corresponding factor for liquid methane is somewhat less

than 1.5. These calculations assume that interruptible peacetime uses

of gaseous methane and hydrogen exist, but that no such irterruptible

market exists for the cryogcnic liquids. This phenomenon does not

occur for .*P if peacetime users are assumed to be available. That is,

we expect that refined syncrude products will be readily assimilated in-

to a domestic pea,-#time market that now heavily relies on refined crude

a'l'lis amounts to a c lassical ,z frct ' H analysis 168].
1 'That is, three times tile unit fuel cost used in our analysis,

which presumed the system is operating at full capacity.
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oil as a source of liquid fuels. No interruptible users of appreciable

amounts of liquid hydrogen or liquid methane as end-use fuel forms are

apparent, at least, in the foreseeable future [69]. Therefore, one

could argue that the unit energy costs for LH2 and LCH4 used in this

analysis should be increased by factors of 3.0 and 1.5, respectively.

For the nuclear airplanes, we have consistently assumed that they

will be permitted to overfly both the United States and other land

masses with their ieactors in operation. Indeed, their operations

were assumed to be not restricted in any way. We further assumed that

the cargo-carrying capabilities of the nuclear airplanes would not be

affected by the subdivision of the cargo compartment to accommodate

the reactor system.

Finally, some comments regarding the unit cost of the chemical

fuels are warranted. Many investigators have recently reported such

cost estimates. Perhaps the most complete of these analyses has been

that performed by Witcofski of NASA [70]. He reported the following

unit energy costs in 1974 dollars: $4.40/MMBtu for LH2 , $2.80/MMBtu

for LCH, and $3.20/MMBtu for synthetic JP. These calculations ire

based on the same assumed input coal cost used by Stanley [19,48].

However, other of Witcofskiis assumptions, such as the financing rules
a

and the energy content per pound, are significantly different and this

makes direct comparison with the fuel costs presented in Section V

difficult. Nonetheless, it is interesting to speculate on how the

markedly different unit fuel costs could affect our analysis. Taken

at face value, the VLA-LH 2 would be much more competitive with the

VLA-JP, and would probably prove to be the superior choice in most of

the mission applications examined. Note, however, that incorporating

the aforementioned disparity between peacetime and wartime utilization

rates would result in a cost picture similar to tn.t presented in our

dWitcofski's costs are based on the higher heating values of the

fuels; Stanley's on the lower heating value. (Although the former is
common practice in the gas industry, the latter is more widely accepted.)
Of course, when related to the fuel consumption of a given engine, the
difference between higher and lower heating values must be explicitly

0" taken into account.

I
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analysis. Thus, even if our fuel cost estimates are significantly in

error (in a relative sense), there are compensating factors that lead
b

us to be confident in the general conclusions of our analysis.

(Observe that the above logic may not apply to the use of liquid

hydrogen by the commercial aviation sector.)

To summarize, conventional jet fuel (JP)--whether made from coal,

oil shale, or crude oil--appears to be the most attractive aviation

fuel for future Air Force use. This conclusion should be valid--at

least for all airplanes entering the inventory before the year 2000

[19]. Furthermore, an advanced-technology, JP-fueled airplane with a

maximum gross weight in excess of one million pounds should be more

cost-effective and energy-effective in a wide variety of mission ap-

plications than any contemporary airplane.

We lave much less confidence in our unit energy prices as abso-
lutes. However, the principal goal of the synthetic fuels analysis was
to generate cost and energy parameters that would be meaningful in rela-
tive comparisons [19].

bone of the primary reasons Witcofski's LH2 costs are much smaller

than ours is that he includes a new gaseous hydrogen production process.
This "steam-iron" process, presently under development by the Institute
of Gas Technology [71], promises to reduce the cost of gaseous hydrogen
by as much as a factor of two. In our view, if such a process proves
commercially viable, this cheap hydrogen can be more profitably ex-
ploited in ground-based applications. For example, hydrocracking is
one of the most expensive steps in a synthetic crude oil refinery;
using lower-cr.st hydrogen could substantially improve the economics
of synthetic JP and otler end-use fuels (e.g., gasoline) [19]. Stated
another way, the costs (both in dollars and In energy) of hydrogen
liquefaction suggest that 1.12 would be an attractive end-use fuel

only In applications where its payoff is unquestionable (e.g., rocket
propulsion) ; our study suggests that this does not appear to be the
case for military aircraft.
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X. RECOMMENDATIONS

The broad-ranging nature of this study makes two kinds of rec-

ommendations appropriate: (1) recommendations that relate to general

Air Force policy on alternative fuels and very large airplanes and (2)

recommended research and development activities. The second category

of recommendations includes required system studies and needed hard

R&D in specific technology areas. Since our study has emphasized

breadth of scope, these latter recommendations identify particularly

promising technology areas rather than detail specific programs.

a1 ALTERNATIVE AIRCRAFT FUELS

No apparent reasons exist for the Air Force's actively pursuing

R&D that is aimed at the utilization of cryogenic fuels in aircraft
a

entering the inventory before the end of the century. Neither liquid

hydrogen nor liquid methane is likely to be more cost-effective or

energy-effective in the large, subsonic airplane application than syn-

thetic JP. This conclusion is further strengthened by the unsuitabil-

ity of the cryogenic fuels for use in smaller airplanes like fighters.

Furthermore, NASA's ongoing work on the potential utilization of LH2

as a fuel for commercial aircraft is sufficient to keep the Air Force's

options open should developments not yet foreseen occur.

Nuclear propulsion is a more complex issue. Clearly, interest in

Lhis alternative should not be viewed as eneigy-motivated, for as long as

significant U.S. fossil fuel reserves (petroleum, coal, or oil shale) are

F aThe notable exception may be the use of liquid hydrogen for

hypersonic (and perhaps supersonic) vehicles. Such R&D should be
motivwted, however, by a requirement for a flight vehicle capable of
hypersonic speeds rather than by the presumption that in this time
frame LH2 will prove to be a substitute for present-day applications
of liquid hydrocarbon fuels. In this instance, the research objectives
might be considerably different from those motivated by a large, sub-
sonic airplane application (e.g., use of LH2 for structural conling).
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available,a nuclear propulsion is not a particularly attractive com-

petitor of JP-fueled airplanes in most mission applications. Nonethe-

less, several mission applications do exist for which nuclear propul-

sion's unique performance characteristics make it an attractive option.

But R&D on nuclear-powered airplanes should proceed only if a firm re-

quirement evolves for these missions; thus far, no such requirement

has been identified. In any event, basic research that would eventu-

ally be useful to an airborne reactor program is warranted. Specifi-

cally, the materials problem within the reactor heat-exchanger systems

may require substantial advances in the current state of the art. Of

course, extensive development of nuclear aircraft propulsion should

only proceed if research demonstrates that public safety can be assured.

Research is necessary not only on technological problems but also on

the political issues associated with the acceptance of nuclear aircraft.

The difficulties encountered with nuclear submarines and the ways these

difficulties were overcome should provide some guidance for implementa-

tion of a nuclear airplane fleet. Furthermore, how the public eventu-

ally accepts the civilian nuclear reactor programs should provide a

barometer of possible attitudes toward nuclear aircraft.

Air Force R&D on future aviation fuels should concentrate almost

exclusively on synthetic JP derived from oil shale or coal. Although

this may at first seem to be a comforting outcome (since synthetic JP

and JP-4 or JP-8 from crude oil will probably have similar properties),

significant research will still be required. Of principal importance

is the problem of assuring an adequate JP supply in the coming years.

Because sufficient fossil-fuel reserves are available and can be eco-.

nomically exploited for the eynthesis of jet fuel uoes not necessarily

mean that the JP will be available when needed. For example, if ER)A

were to place an early emphasis on the development of processes aimed

at providing clean boiler fuels (which are generally not suitable for

a At the largest credible rates of consumption, even current eco-

nomically recoverable U.S. coal reserves could not be reduced by more
than 50 percent before 2025 [19). Thus, aircraft entering the inven-
tory in the late 1990s can be assured of an adequate fossil resource
base throughout their life cycle.
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refining to jet fuels), then processes yielding premium syncrudes for

tiansportation uses may not be developed in a timely manner. There-

fore, an analysis of the available Air Force options for assuring

the future availability of JP is required.

Significant technical work is also required. Limited experience

to date indicates that refining synthetic crude oil to meet the exact

specifications of JP-4 or JP-8 is likely to be expensive. Obviously,

trade-offs between relaxing the Air Force's fuel specifications (with

the attendant implications for airplane performance) and improving the

refining process through advanced development should be examined. In

addition, further consideration should be given to a multifuel engine

--that is, an engine capable of operating on JP-4, JP-8, or a syn-

thetic JP (from oil shale or coal) that might be refined to relaxed

specifications. Again, pertinent trade-offs should be explored. In

Ref. 19, these technical aspects of synthetic JP for military use are

more thoroughly discussed and detailed recommendations qre made.

VERY LARGE AIRPLANES

The Air Force should maintain a strong and active interest in

advanced-technology large airplanes and should consider pursuing the

R&D required to ensure that such an aircraft will be available.

Needed work includes additional system design studies as well as re-

search and development on specific aircraft techaologies.

Aircraft System Design

The most important question that must be addressed through further

system design work is: hat performance characteristics chcuZd an

,wa?:~il-tc~. h?:o,--l, o, e ai r Lane have in order to provide the
np, : , aoP~: :: [ .:, ith "~z. itary rcau~i '.:men tu an ta ;q~lbl

a.a' 1h e ao~az'lab'e

Primary Mission Considerations. Since the primary Ar Force

mission requirement is almost certainly for a strategic airlifter,

the most Important items to be defined are:
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o The design point (i.e., the design payload and

associated design range).

o The cargo compartment dimensions.

These can be identified by developing a family of modest-fidelity

conceptual designs (representing various design points, etc.) and

then exploring their suitability in a detailed applications analysis

where cost and effectiveness are explicitly taken into account. The

conceptual design that provides a capability most closely attuned to

Air Force requirements thus defines the optimum performance character-

istics.

Numerous secondary design considerations also should be evaluated.

These include:

o What are the appropriate takeoff- and landing-

field length requirements?

o What are the appropriate runway bearing constraints?

o Should both front and rear loading be provided?

o Should the cargo compartment floor be at truck-bed

height during loading?

Although such studies may be complex, they are manageable.a

Multimission Cansiderations. Providing an advanced-technology

large airplane with a multimission capability will complicate the

analyses recommendel above. In Section II, we observed that the de-

sirability of this capability is basically predicated on spreading

the development costs over a larger number of airframes and lowering

the average unit flyaway costs through learning-curve effects.

aTwo design considerations discussed in Section II and notably

absent from this list are cruise Mach number and initial cruise alti-
tude. The latter is largely determined by immutable facts of nature;
thus, 30,000 ft is difficult to argue against. Although the cruise
Mach number is more subtle, all available analyses indicate that 0.78
to 0.80 is reasonable. These should be examined in future design
studies, but defining the other design constraints described above is,

* . In our view, of far greater importance.
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Although our analysis inlicated that the VLA-JP could probably be
justified in terms of cost-effectiveness on the basis of the strategic

aairlift mission alone, the overall attractiveness of such a weapon
system would be powerfully enhanced by the benefits that should accrue

from a multimission capability.

Two classes of potential secondary missions exist and they are
not necessarily mutually exclusive. The first is to employ the ad-
vanced-technology large airplane in commere;al aviation as an air-

-cargo carrier. Beside tile cost benefits mentioned, these commercial

airplanes could be part of the CRAF fleet and provide additional war-

tir2 or emergency airlift capability.

The major question which must be addressed is: I.- it possible to
achieve a reasonable compromise between the diverse requirements of
military and commercial cargo airplanes? The Deputy for Development
Planning, Aeronautical Systems Division (ASD/XRL), is currently funding

an "Innovative Aircraft Design" study, which will examine conceptual
designs of several advanced-technology large airplanes at several
design points. A primary objective of this work will be to assess
the practicality of a common military-commercial cargo airplane.
Thus, it should address several of the study areas recommended above.

The second multimission possibility is to utilize these airplanes
in what we have termed the station-keeping role. Several potent;al
mis;ion applications seem particularly interesting:

o Tactinal battle platform

o Maritime air cruiser

o Strategic missile carrier

The present study has shown tLat an advanced-technology large airplane
--procured under multimission assumptions--may be substantially more
attractive than any contemporary equipment in these applications.

a We believe It is axiomatic that an airplane designed as a stra-
tegic airlifter should also be capable of serving as an aerial tanker.
To do otherwise would greatly decrease the utility of the airplane in
the utrptegic airlift role.

_ 2
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The next logical question to address is: Should any of these

types of missions be performed by a large, subsonic airplane? Fur-

ther studies should explore whether an advanced-technology large air-

plane can be effectively utilized to supplement or replace other ways

of performing these missions and should also id. "ify what airplane

characteristics (e.g., size) would be most suitable in these applica-

tions.

Aircraft Ttchnology

ASD's previously mentioned "Innovative Aircraft Design" study

should provide much richer detail on needed aircraft-technology R&D

since the conceptual designs will be prepared in greater depth. How-

ever, our experience in ie present research has indicated that addi-

tional R&D in some technology areas should be considered.

Of course, any USAF R&D effort must be cognizant of related NASA

efforts in this area. Specifically, NASA has recently begun a research

and technology program on aircraft fuel conservation [7Z]--the major

elements of which are:

o Propulsion

- Engine component improvement

- Fuel-conservative engine

- Turboprop

o Aerodynamics

- Fuel-conservative transport

- Laminar flow control

o Structures

- Composites in primary aircraft structures

Anti-ip.:ted funding for this program through 1985 is $670 million (in

then-year do lars).IL The NASA pLogram, as priesently structured, is very compatible with

the nceds of a USAF advanced-technology large airplane which could

(f.L .tr the :nventory in the post-1985 time frame. The Air Force, there-

fore, should coopera'.e fully with the NAFA effort where appropriate. j

M ,
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Several technology areas of possible benefit to large military air-

planes may be particularly suitable for Air Force investigation,

either because they are not being extensively supprrted by the NASA

work or because they may become candidates for reduced funding if the

commercial aviation community fails to show an interest in them.

Propulsion. Advancing the state of the art of aircraft turbine

engine technology (e.g., increased turbine inlet temperature) is

included in the NASA program. The importance of this work is un-

deniable for obvious reasons.

The NASA program also includes the consideration of turboprops.

To date, the airlines remain cool toward the idea of switching back

from jets to props--fearing massive passenger unacceptance. (Such

unacceptance could probably be tolerated if all airlines introduced

turboprops, but it certainly lessens the likelihood of any single

airline's being a leader in its introduction.) Thus, NASA may ulti-

mately assign the turboprop work a relatively low priority.

The turboprop, however, might be much more acceptable for. Air

Force (and/or commercial air cargo) application. One concept is

particularly intriguing--the so-called "prop-fan" develope-I by Hamilton

Standard. (This propellor-like device somewhat resembles a high by-

pass ratio turbofan with the shroud removed.) Work to date suggests

that reductions in mission fuel requirements of 15 to 20 percent may

be possible, an,4 this at a cruise Mach number of 0.8 rather than the

0.60 to 0.65 typical for standard turboprops [73]. Such a potential
apayoff warrants at least cursory examination by the Air Force. The

first objective should be to determine whether efficiency improvements

of this magnitude are, in fact, achievable.

Aerodynamics. Laminar flow control is also included in the

planned NASA effort. Again, however, possible airline resistance

to this essentially new technology could prove fatal. Furthermore,

aAn interesting feature of the propfan (and propellors in general)

is its intrinsically superior propulsive efficiency when operating at
flight speeds less than the design maximum. This characteristic could
provide very significant payoffs in missions that include extended
loiter periods.
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the available studies indicate that the benefits of laminar flow con-

trol are more significant for long-range aircraft (i.e., aircraft with

ranges greater than 5500 n mi) [35,74]. Extreme range is probably of

much greater interest to the Air Force than to the commercial sector.

Therefore, the Air Force should monitor the NASA efforts (assisting

where appropriate) and be prepared to continue the work should NASA

de-emphasize laminar flow control--assuming, of course, Lhat the con-

cept remains technically and economically promising from a militaly

viewpoint.

One additional aerodynamic technology item has nut received a

great deal of attention thus far: the potential applications of rela-

tively thick supercritical wings (e.g., thickness ratios as large as

20 percent). The intent here Is to permit a reduction in wing weight

for cruise Mach numbers near 0.8 rather than to increase the cruise

Mach number--the original goal of supercritical airfoil technology.

Of course, supercritical airfoils also permit reductions in wing

sweep (with a concomitant increase in the aerody,'amic aspect ratio)

for this cruise Mach number. Thus, trade-offs must be made among wing

thickness, sweep. and aspect ratio tc -brain an optimum M = 0.8 cruise

configuration. Unfortunate ly, little is known, efther theoretically

or from experimental dc.ta, about the characteristics of thick super-

critical sections. A relatively modest research program would indi-

cate whether the poteIntial of thick supercritical wings merits more

intensive theoretical and experimental investigations.

Structures. Tho principal advances in aircraft structures center

on the possible use of composite materials in primary structure. Again,

the NASA work and related Air Force efforts seem sufficient--with a

notable exception. Recent studies have indicated that the attenuation

characteristics of composites with respect to electromagnetic waves

are markedly different from those of the commonly used metal alloys

!75]. The consequences of this may be of great importance. For ex-

ample, composite material would afford little, if any, protection from

lightning strikes. Because of the very substantial weight-saving

Thlese types of airfoil sections could also be employed to great
advantage in span-loader aircraft.

LL
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possibilities of composites, a vigorous R&L program on these potential

problems is clearly required. (An interesting point is that if using

composites in primary structure proves impractical, the potential

benefits of advanced aerodynamic technologies, such as laminar flow

control, would become increasingly important. These technologies

provide a much greater payoff when applied to an all-aluminum air-

plane than when applied to one incorporating composites.)

Finally, additional research on the aeroelastic implications of

high-aspect ratio wings is needed. Some work in this area will un-

doubtedly be included as part of NASA's effort on fuel conservative

transports.

I'

i
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Appendix A

VERY LARGE AIRPLANE DESIGN ANALYSIS

This appendix summarizes the results of the conceptual air-

craft design analysis accomplished under the Deputy for Development

Planning, Aeronautical Systems Division (ASD/XR). The objective of

this analysis was to investigate the physical and operational char-

acteristics of very large airplanes, i.e., airplanes with greater

than one million pounds takeoff gross weight (TOGW), designed to

use alternative fuels.

In all, six baseline aircraft were designed for primary opera-

-i tion as strategic airlifters; but these could easily be modified to

serve as tankers. Four of the aircraft were designed to deliver

350,000 lb of payload a distance of 3600 n mi, off-load, and return

empty without refueling (i.e., a 3600 n mi radius mission). Each of

*these aircraft inherently possessed the capability to deliver 350,000

lb of payload on a range in excess of 6000 n mi, and each utilized a

different fuel: conventional hydrocarbon jet fuel (VLA-JP), liquid

methane (VLA-LCH4 ), liquid hydrogen (VLA-LH2 ), and nuclear power

(VLA-NUC). The remaining two aircraft designs, an excursion-case

I: liqui. -ydrogen aircraft (designated VLA-LH 2*) and an excursion-case

nuclear-powered aircraft (designated VLA-NUC*), were developed in

order to investigate for these fuels aircraft designs which had approx'-

mately the same takeoff gross weights as the baseline VLA-JP design.

Table A-I shows the breakdown by weight group for each of the six

aircraft designs developed in this study. Additional details of the

propulsion system weights are presented in Appendix B.

These weights were computed from statistical equations. We

should note, however, that the size of the aircraft examined in this

study is far outside the data base from which the statistical weight

prediction equa' ilus were derived.

An additional potential application of these aircraft is the

tnker rolt. for the in-t ight refueling of tacticai fig!Iters , stratcgic
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a
bombers, etc. Much of the refueling equipment could be removed

from the aircraft for the cargo mission; however, some equipment

would be permanently installed on the aircraft. Table A-2 provides

the weight increments necessary to provide this additional aerial

refueling capability. (The refueling system consists of two wing-

mounted refueling stores and one fuselage-mounted store.)

The analysis was conducted using the preliminary aircraft de-

sign tools available within the office, Deputy for Development Planning,

Aeronautical Systems Division. The Interactive Computer Aided Design

(ICAD) program was the primary design tool for all areas of investi-

gation, excluding propulsion systems, which i:ere input to ICAD (see

Appendix B). The major area of concern for this study was the accu-

racy of the structural weight estimation routines within ICAD. Some

initial investigations, using more detailed structural analysis pro-

grams, have indicated that the structural weights computed may be

optimistically low. This optimism could be offset by our assuming

an all-aluminum structure. If advanced composites were considered,

structural weight might be substantially reduced.

SUMMARY OF DESIGN CONSTRAINTS

Each of the aircraft was designed to achieve an 8000-ft critical

field-length takeoff at maximum gross weight and each was designed to

a structural load factor of 2.25 g. The cargo compartment was sized

to be compatible with existing containerized loads as well as outsized

equipment. This resulted in a maximum floor width of 25 ft, for com-

patibility with both military 463L pallets and 8 ft x 8 ft air/surface

intermodal containers (see Section II).

The footprint pressure of each of the aircraft was restricted to

kbeing no greater than that experienced by a commercial aircraft of the

200,000-lb TOGW class. This was done to avoid either the necessity for

major airfield modifications or undue restriction of the aircraft's

utility.

-Here, we are assuming that in all cases JP Is the fuel being
transferred. 'mplo()ment of the cryogenic-fueled alternatives for the
In-flight refueling of afrltfters using the same fuel is discussed in
Appendix C.
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Table A-2

S.WEIGHT INCREMENTS TO PROVIDE AN AERIAL REFUELINr CAPABILITY
(lb)

Design-
Point I

Weight Increment VLAs VLA-LH2* VLA-NUC*

Total nonremovable (4,558) (5,258) (3,358)
Structure 390 390 390
Fuel system 3,908 3,908 3,908
Hydraulic system 140 140 140

Electric system 120 120 120

Total removable (5,259) (5,259) (5,259)
Stores and booms 4,164 4,164 4,164
Operator provisions 315 315 315
Operators (3) 600 600 600
Trapped fuel 180 180 180

Total weight increment 9,817 10,517 8,617

Additional fuel capacity 344,741 419,741 224,741

NOTE: It is assumed in all cases that JP is the fuel
being transferred and that the maximum gross weight re-
mains unchanged from that shown in Table A-1.

I

L4;
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The aircraft were designed on the basis of present technology

(i.e., 1980 state of the art) and did not incorporate advanced-aero-

dynamic or structural-technology items other than the propulsion sys-

tems. Engine technology was assumed to have evolved sufficiently to

permit growth versions, in terms of thrust and size of present turbo-

fan engines (see Appendix B).

A typical mission proiile consisted of a 5-minute warm-up at normal

rated power (sea-level static operation), a climb from sea level to

30,000 ft at intermediate power, and a Mach 0.75 cruise at 30,000 ft.

Fuel reserves were provided for a 200 n mi flight to an alternate base.

No fuel or range credit was taken for descent and landing.

AIRCRAFT DESC:RIPTION

A summary of the major aircraft design and performance character-

istics is given here. The chemical-fueled alternatives are described

first, then the nuclear-powered airplanes.

Design-Point Conventional Jet Fuel Aircraft (VLA-JP)

The general arrangement and size of the JP aircraft is shown on

Fig. A-I and a cross section of the fuselage on Fig. A-2. Both front

and rear loading is provided, with complete drive-through capability;

however, the drive-through capability was not considered Lo be a firm

design constraint.

The range-payload trade-off characzeristics of this aircrait are

I' shown on Fig. A-3 and its radius-endurance characteristics on Fig. A-4.

Observe that the range-payload curves for both the 2.5 g and 2.25 g load

factors are depicted in Fig. A-4. Takeoff- and landing-field length

characteristics are provided in Fig. A-5.

Design-Point Liquid-Methane Aircraft (VLA-LCH4)

Liquid-methane, being a cryogenic fluid of much lower density than

JP, requires a much larger fuel-tank volume than is normnilly available

in the wings and this necessitated the design of a nonintegral fuel tank

- to be housed in the aircraft fuselage.

iI

-- ----- a
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Maximum gross weight
1.839 million lb

Wing area
14,250 sq ft

Thrust per engine

339 ft

I 330 ft

Fig. A- I-General arrangement of the VLA- JP
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Cargo floor dimensions
25 x 220 ft

308 in.

*162 in. -

188 in.

Fig. A-2-Fuselage cross section of the VLA-JP

I..M.-A
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600

500
Range Gross weight

2.25 g load factor 1, 839, 000 l b
2.50 g load factor 1, 655, 000 l b

400

Payload
(1000 1 b)

200
Maximum
wing fuel

100 2 .25 g load factor
2:50 g load factor

0
0 2 4 6 8 10

Radius/range (1000 n ml)

Fig. A-3-Payload characteristics of the VLA- JP
in terms of mission rang. or radius
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20 - Payload off-loaded

1at radius point
18 Payload retained

16 -

14 Payload (Ib)
0

12 - 184,000
Endurance \ ,- 300,000

,- 400,000(hr) 10- 
5000

6

t'r 2- \ N

0 A
0 1 2 3 4 5I Radius (1000 n mi)

Fig. A--4--Endurance characteristics of the VLA-JP

A .-- - =-- --
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10 ___ Critical field length

-- - -Landing over 50-ft obstacle

9

8

7

Distance 610 
O O

(1000 ft)
5

-Ce

.1e

3 le-

2

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Weight (million lb)

Fig. A-5 -Fild- lngth, characteristics of the VLA-JP
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A study was conducted to determine a near-optimum shape for these

cLyogenic tanks. The selected cross section was a double-bubble ar-

rangement with each bubble a circular arc. The selected tank height to

width ratio was 2/3, and this allowed for minimum fuselage wetted area.

The tank was designed for an assumed gauge pressure of one atmosphere

and .'onsisted of an aluminum shell with a 3-in, outside layer of foam

insulation. Two such tanks were required, one located immediately for-

ward and one immediately aft of the wing carry-through structure.

The loss of the relieving loads in the wings normally contributed

by the fuel was expected to result in a significant increase in the

weight of the wing structure required. However, the existing analysis

technique which was based upon extrapolated data was not adequate to

evaluate thoroughly the additional weight increment required, and so

an estimated increment of 15 percent was arbitrarily added.

Figures A-6 and A-7 show the general arrangement of the liquid-

methane-fueled aircraft. The payload capacity (in terms of radius/

range) for the liquid-methane aircraft is shown on Fig. A-8 and its

radius-endurace characteristics on Fig. A-9. Takeoff and landing

distances are depicted in Fig. A-10.

Design-Point Liquid-Hydrogen Aircraft (VLA-LH2)

Figures A-11 and A-12 illustrate the general arrangement of the

liquid-hydrogen-fueled aircraft. The cryogenic fuel tanks were similar

to those of the VLA-LCH 4 aircraft, but the LU2 tanks are mounted en-

tirely above the primary fuselage structure. A fairing is placed over

them to reduce aircraft wetted area and to provide an attachment to the

* primary fuselage structure.

Figure A-13 shows the payload versus radius/range plots for the

VLA-LH2 aircraft; endurance characteristics are shown in Fig. A-14.

Note that these results are significantly different from those of the

VLA-JP, primarily because of the differences in heating value and den-.

sity of thz! two fuels. For example, if the payload of the VLA-LH2 air-

Icraft is increased above 350,000 lb, fuel must be removed to maintain

a constant gross weight (i.e., the maximum gross weight). Since LH2

has a very high energy content per pound of fuel, the removal of this

'IJ
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Maximum gross weight
1.864 million lb

* Wing area
14, 250 sq ft

Thrust per engine
83,424 lb

33 f

3339 ft

FgA-6-General arrangement of the VLA1-CH4 iraf

Fig. 4 aicraf
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Cargo floor dimensions
7 7- 25 x 220 ft

R 57 in.

LCH 4 tank

342 in.

188 in.

Fig. A-7- Fuselage crou section of the VLA-LCH 4

tJ
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600

Range Gross weight

500 2.25 g load factor 1,864,000 lb
2.50g load factor 1,676,000 lb

400

Payload
(1000 Ib)

300 Radius
2.25 g load

: factor..
; 2.50 g load

200 - factor

Maximum fuel

100 641,658 lb

01
0 2 4 6 8 10

Radius/range (1000 n mi)

Fig. A-8-Payload characteristics of the VLA-LCH4
in terms of mission range or radius
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20

18 -Payload (lb)
0

16 150,000
350,000

Endurance 1

(hr) 10 -Payload off-loaded
at radius point

8f - -Payload retained

6

4

2 \

0
0 1 2 3 4 5

Radius (1000 n mi)

Fig. A-9-Endurance characteristics of the VLA-LCH 4
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10 ____Critical field length

9k - - - - Landing over 50-ft obstacle

8

7

Distance
(1000 ft)

5 - .0, -

4-a

3 -

2

0
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Weight (million Ib)

Fig. A- 10-Field-length characteristics of the VLA-LCH4
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Maximum gross weight
1.275 million lb

Wing area
9, 808 sq ft

Thrust per engine
56,395 lb

373 ft

Fig. A-1l-General arrangement of the VLA-LH2
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Cargo floor dimensions
25 x 220 ft

4185 in.

4120 in.

1500 in.

188 in.-

Fig. A-12-Fuselage cross section of the VLA-LH2
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600

Range Gross weight
2.25 9 load factor 1, 275, 000 l b

500 2.509g load factor 1, 148, 000 lb

400

PaylIoad
(1000 1 b)

300

200
Maximum fuel

221,242 lb

100

00 2 4 6 8 10
Radius/range (1000 n mi)

Fig. A-13-Payload characteristics of the VLA-LH2

in terms of mission range or radius
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20 Payload off- loaded
at radius point

P-Iayload retained

16

14

Payload (lb)

IIEndurance 1
(hr) 10 150,000

350,000

6

4

2

01
0 12 3 4 5

Radius (1000 n mi)

Fig. A- 14-Endurance characteristics of the VLA-LH2

IA
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fuel will cause a significant loss in range or ralius capability.

Conversely, if the payload is reduced from 350,000 lb to some lower

value, the fuel onboard cannot be increased to maintain the maximum

gross weight, siincc the fuel tank is filled to capacity at a payload

of 350,000 lb. As a result, the VLA-112 aircraft range/radlus capa-

bility is equal to that of the VLA-JP aircraft at only the design pay-

load of 350,000 lb. For ary other payload, the LH2 has less range/

radius capability than the JP aircraft.

Figure A-15 displays the takeoff and landing characteristics of

the VLA-LH2 aircraft. Note that these results are comparable to those

of the VLA-JP aircraft. However, the lower maximum gross weight of the

LH2 alternative would facilitate improvements to its takeoff/landing

characteristie'r-through increased thrust loadings-if such were de-

sirable.

Excursion-Case Liquid-Hydrogen Aircraft (VLA-LH2 *)

In order to examine a liquid-hydrogen-fueled airplane that ap-

proximated (or exceeded) the payload capabilities of the VLA-JP air-

craft at any range/radius, an alternate liquid-hydrogen aircraft de-

sign (designated VLA-LH2*) was developed that had approximately the

same maximum gross weight as the JP aircraft. The configuration of

this aircraft is shown in Figs. A-16 and A-17. Figure A-18 provides

the payload radius/range capability of this aircraft; Fig. A-19 shows

its radius/endurance characteristics, and Fig. A-20 gives its takeoff/

landing chat acteristics.

Observe that the cargo floor area of the VLA-LH2* aircraft is

about 20 percent greater than that of the JP aircraft. This allows

the cargo floor loading on a 3600 n mi radius mission to be approxi-

mately the same for both aircraft. In a4dition to the longer cargo

floor, the equivalent fuselage diameter was increased to accommodate

the much larger liquid-hydrogen fuel tanks.

I
I
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10 Critical field length
Landing over 50-ft obstacle

9

8

7

6/
Distance/
(1000 ft)/

5

4

3

2

0

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Weight (million lb)

Fig. A-15- Field- length characteristics of the VLA-LH 2
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Maximum gross weight
1.622 million lb

Wing area
12,477 sq ft

Thrust per engine

71, 743 1

318 ft 2

417 ft

Fig. A- 16- General arrangement of the VLA-LH2*

;it
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Cargo floor dimensions
25 x 264 ft

R=99 in.

1621 in..

188 in.

Fig. A-17'-Fuselage cross section of the VLA-LH2
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600

500Range Gross weight
500 ~2.25 g load factor 1, 622, 000 l b

2 .50 g load factor 1, 460, 000 l b

400

Payload
(1000 1Ib)

300

200

Maximum fuel
100 -362,088 lb

00 Fg 2 i 4d. 6( 8 te 10 1~2

Rais/age(00 mi

Fig.A-1-Payoadcharcteistis o theVLAL11
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30

28 Payload --off loaded
at radius point

Payload retained

24-

20 \

Endurance"4 (hr)
( 16- 

Payload (Ib)
, \ \ /-150, C00

12 \ \350, 000

\ \ "/-500,000
t \

4

00 1 2 3 4 5 6
Radius (1000 n mi)

Fig. A-19-Endurance characteristics of the VLA-LH2*

.'C.
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10- Critical field length
-- - -Landing 50-ft obstacle

9

7-

Distance

(1000 ft)

3 -

2

Fig6  0.8 1.0 1.2 1mi'4; 1b;6  1.8 2.0

Fi.A-20- Field- length characteristics of the VLA-LH2*
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Design-Point Nuclear Aircraft (VLA-NUC)

Figures A-21 and A-22 show the general arrangement of the nuclear-

powered aircraft. The flight envelope is depicted by Fig. A-23 and the

field-length requirements are illustrated in Fig. A-24.

The design rules for this aircraft differed considerably from those

of the other aircraft in the study. The cargo compartment was divided

inLo two bays (one immediately ahead and one immediately aft of the

reactor); this was to allow the reactor and containment vessel to be

integrated into the wing-box structure. Another major difference in

the configuration was the location of the engines; they are positioned

on top of the fuselage above the reactor. Power is supplied to engines

from the reactor via a liquid-metal heat-transfer system using vacuum

insulated piping (see Appendix B). Since the liquid metal and piping

system are extremely heavy, the engines were located as close as pos-

sible to the reactor to minimize weight and reduce the vibrational

loads imposed on the long coolant lines.

For safety purposes, we have defined a different design mission

profile for the nuclear aircraft in order to minimize nuclear reactor

operation in low altitude flight. The aircraft was designed to take

off on JP and, after reaching a safe altitude, convert to nuclear

operation. Thirt -inutes were allotted to bring the nuclear system

up to power and make the transition from JP to full nuclear-powered

flight. Similarly, reactor shutdown was begun 30 minutes prior to

landing. The aircraft was also constrained to carry enough JP to

provide for emergency recovery at any point in the mission; an 850 n mi

range was thought to be sufficient for this purpose. The collective

impact of these constraints made the nuclear-powered aircraft when de-

signed to perform a radius mission weigh nearly one million pounds

more than the VLA-JP aircraft. Furthermore, the VLA-NUC carried almost

two-thirds the JP the VLA-JP did. Clearly, the general utility and

attractiveness of the nuclear-powered aircraft was greatly influenced

by these constraints; the necessity of suchi constraints should, there-

fore, be investigated in much greater detail than was possible in the

present work.
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Maximum gross weight
2.66 million lb,

Wing area

23, 016 sq ft
Thrust per engine

77,816 lb

431 ft

350 ft

Fig. A-21-Gneral arrangement of the VIA-NUC
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186

Cargo floor dimensions:
* Forward and aft bay each

25 x 110 ft

7 F--Reactor containment vessel,
202-in, diameter

JP radiation shield,
255- in, diameter

284 in.

Fig. A-22-Fuselage cross section of the VLA-NUC
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40 J prto

Nuclear operation

30

Altitude
(1000 ft)

20

10 2.66 million lb gross weight

00 0.2 0.4 0.6 0.8 1.0

Moch number

Fig. A-23-Flight envelope of the VLA- NUC
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10

- Critical field length
9 - Landing over 50-ft obstacle9

8

7

z 6Distance - - -

(1000 ft) -
' 5

4

3

2

00

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Weight (million Ib)

Fig. A-24 -Field- length characteristics of the VLA-NUC

-a
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A summary of the mission segments for the VLA-NUC on the radius

mission is:

1. After 5-minute warm-up, takeoff at normal rated power

on JP fuel.

2. Climb to 30,000-ft altitude on JP fuel and begin

reactor start-up.

3. Cruise for 20 minutes at 30,000-ft altitude on JP

fuel while transitioning to full nuclear flight.

4. Cruise any desired distance on nuclear power. (Emer-

gency fuel provided for 1250 n mi cruise at speed

and altitude for maximum range.)

5. Cruise for 30 minutes at 30,000 ft on JP fuel during

reactor shutdown.

6. Descend and land (no fuel allowance computed).

7. Off-load 350,000 lb of payload.

8. After 5-minute warm-up, takeoff at normal rated power

on JP fuel.

9. Climb to 30,000-ft altitude on JP fuel and begin re-

actor start-up.

10. Cruise for 20 minutes on JP fuel while changing to

full nuclear flight.

11. Cruise any desired distance on nuclear power. (Emer-

gency fuel provided for 850 n mi cruise at speed and

altitude for maximum range.)

12. Cruise for 30 minutes at 30,000 ft on JP fuel during

reactor shutdown.

13. Descend and land (no fuel allowance computed).

This mission requires that a very large amount of JP be on-board the

aircraft for emergency purposes only. To minimize the aircraft's gross

weight, the emergency fuel was used to supplement the reactor shielding.

Further remarks concerning the use of JP in reactor shielding are made

in Appendix B.
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Of course, the nuclear-powered airplane can carry a substan-

tially larger payload on a range-mission profile. Trading the fuel

weight required for the return leg permits the payload to be increased

to 480,000 lb.

Excursion-Case Nuclear Aircraft (VLA-NUC*)

To provide some insight into the capability of a smaller nuclear-

powered aircraft, an alternate design was developed. The design mis-

sion was the same as that for the baseline nuclear aircraft, except

that the payload was reduced to 230,000 lb for the radius-mission pro-

file; when flying range missions, the payload of the VLA-NUC* aircraft

can be increased to 325,000 lb. The general arrangement for the VLA-

NUC* aircraft is shown in Figs. A-25 and A-26. Note that the cargo

floor length has been shortened to 62 ft for each cargo bay. This

results in a cargo floor loading of 75 lb per square foot, which is

modestly higher than 64 lb per square foot for the other designs in

this study.

The resultant maximum gross weight for the VLA-NUC* aircraft is

1.94 million lb. Figure A-27 provides the operating flight envelope

for this aircraft and Fig. A-28 its takeoff and landing characteristics.

To complete our description of the nuclear-powered airplanes,

Table A-3 presents data on total JP consumption for selected situations.

AREAS REQUIRING FURTH-it STUDY

In addition to the concern over the weight prediction techniques

used in the present effort, there are some other areas which warrant

I further study.

The design and placement of the landing gear is an especially

difficult problem for very large aircraft. It has implications on

the numbers and types of runways that can be sued by these aircraft

and directly affects their ground maneuvering capabilities. For this

study, it was assumed that a satisfactory fuselage-mounted gear arrange-

ment could be achieved. The gear weight was estimated on the basis of

statistical trends of gear weight versus maximum takeoff weight.
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Maximum gross weight
1.94 million lb

Wing area
16, 786 sq ft

Thrust per engine
56,755 lb

368 ft

______________________ 3

254 ft

Fig. A-25-General arrangement of the VLA-NUC*
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Cargo floor dimensions:
Forward and aft bay each

25 x 62 ft

Reactor containment vessel,
192-in, diameter

-JP radiation shield,
246-in. diameter

116in

284 in.

-

-184 in.-

Fig. A-26-Fuselage cross section of the VLA-NUC*
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4C-I JP operation

Nuclear operation

i 30 -

Altitude
(1000 t 20

10 -1.94 million lb gross weight

0 0.2 0.4 0.6 0.8 1.0
Mach number

Fig. A-27-Flight envelope of the VLA-NUC*

,

Ij. 1 3
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10 Critical field length

Landing over 50-ft obstacle

9

8

7

Distance
(1000 ft) 5- ,--

4

3

- 2

a 1

II

0 .I I I

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Weight (million Ib)

Fig. A-28-Field-length characteristics of the VLA-NUC*



195

Table A-3

TOTAL JP CONSUMPTION BY NUCLEAR AIRPLANES
DURING DESIGN MISSIONS AND
SELECTED FLIGHT SEGMENTS

(lb)

Mission or Segment VLA-NUC VLA-NUC*

Radius mission .................... 276,244 203,395

Range mission ..................... 143,066 105,388

Warmup, takeoff, and climba ....... 64,467 48,108

Cruise for 50 minutesb ............ 78,598 57,279

aAt maximum gross takeoff weight.
; bWith maximum payload.

The high-lift flap system is another area that warraits addi-

tional study. Since their fuselage lengths prevent these aircraft

from rotating to high angles of attack during takeoff and landing,

the high-lift system must be designed to produce a takeoff lift co-

efficient on the order of 1.6. With the current state of the art,

this would require a triple-slotted trailing-edge flap over 75 per-

cent of the wing span and a leading edge flap out to 95 percent span.

Also, to obtain a lift coefficient of 1.6 would require a very high

fowler motion with a deflection of 30 degrees.
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Appendix B

PROPULSION SYSTEM DESIGN ANALYSIS

The installed engine performance data presented in this appendix

were generated by the Propulsion Division, Deputy for Development Plan-

ning, Aeronautical Systems Division, and are based upon projections of

future large turbofan engines that incorporate modestly advanced

technology.

Conventional turbofan systems using JP, hydrogen, or methane were

considered as well as a dual-mode turbofan system capable of operating

on nuclear-supplied heat or JP. Complete installed performance, dimen-

sional, and weight data were generated for a conventional JP-fueled

engine and a dual-mode (nuclear/JP) system. Appropriate factors were

developed and applied to the JP-engine installed performance data to ob-

tain corresponding data for the hydrogen and methane-fueled systems.

CONVENTIONAL TURBOFANS (CHEMICAL FUELS)

The engines for each of the chemical-fueled airplanes are high-

bypass-ratio, high-pressure-ratio turbofans having turbine inlet temper-

atures moderately higher than those of presently available engines.

These engines represent a technology level well within that forecast for

the early 1980s. Table B-1 presents propulsion vstem characteristics

for the alternatively fueled airplanes. These data are for the thrust-

size that the aircraft design analysis determined to be the optimum for

each aircraft configuration. The JP-fueled system served as the base-

line engine.

Baseline Engine (VLA-JP)

Installed performance data for the baseline propulsion system were

generated using the "Simulation of Turbofan Engines" (SMOTE) computer

program developed by the Air Force Aero Propulsion Laboratory. Tech-

niques developed at ASD were employed to correct for the appropriate ex-

ternal drags. Installation factors used to estimate these losses are

listed in Table B-2. The external drags include fan-cowl friction drag,

fan-nozzle boattail pressure drag, and scrub drag on the appropriate

surfaces.
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Table B-2

FACTORS USED IN CALCULATING INSTALLATION LOSSES
FOR THE BASELINE JP ENGINE (VLA-JP)

Assumed
Factor Value

Inlet pressure recovery (M = 0)....... 0.970

Inlet pressure recovery (M 0.2) ..... 0.995

Compressor air bleed
(lb/sec/engine) ...................... 3.0

Horsepower extraction
(hp/engine) ........................ 307

Nozzle gross thrust coefficient ...... 0.99

NOTE: The values of compressor air bleed
and horsepower extraction are assumed to vary
with aircraft size, hence with engine size.

A fan-stream-only cascade-type thrust reverser with the followingI characteristics was assumed.

Wtr 0 0.17Wbe B-1

and

T R 0.5Gfan + Rfan N reB-2
wherewhere Wtr -thrust reverser weight

T - magnitude of reverse thrust

Wbe - bare engine weight

Gfan -gross thrust of fan stream

R fan - ram drag of fan stream

N - net thrust of core stream
core

Installed propulsion system performance, weight, and dimensional data

were generated for a given tnrust-size engine. The following equation

-and scaling factors were used to obtain weight and dimensional data

-" for the variations in engine thrust that are required for the specific

designs that the aircraft design analysis developed (see Appendix A).
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Scaled Parameter - Scaled Thrust n
Baseline Parameter (Baseline Thrust) B-3

where

n - 1.25 for engine weight

n - 0.35 for engine length

n - 0.50 for engine diameter

Installed propulsion-system performance data for the JP-fueled engine

at various operating conditions are presented in Figs. B-l through

B-5. (Note that "intermediate power" corresponds to the maximum power

available for climbout, etc.) Figure B-6 is a sketch of the engine

nacelle for the VLA-JP.

Other Chemical-Fueled Engines

Engines using either hydrogen or methane were assumed to be

of the same general design as the JP-fueled engine and no changes in

weight or external dimensions were made for a given thrust size. We

assumed that the installed-thrust specific fuel consumption of the

resized engine when operating on a fuel other than JP was wholly ac-

counted for by the change in the gravimetric heat of combustion of the

new fuel compared to JP (see Section III). The thrust specific fuel

consumption for the methane- and hydrogen-fueled engines were

thus obtained by multiplying the specific fuel consumption of the re-

sized JP-fueled engine by 0.869 and 0.370, respectively.

Variations in total thrust and thrust per pound of airflov due

to the use of the differ,.nt fuels were considered to be negligible.

However, some of the fartors used to calculate installation losses

were assumed to be different ftom that shown in Table B-2; these

changes are shown in Table B-3 (p. 208).

NUCLEAR-PROPULSION SYSTEMS

Public safety considerations dictate that the overriding design

goal of a nuclear-propulsion system must be to prevent the release of

radioactive materials under all conditions. Fhis goal must be pursued
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Table P-3

MODIFIED FACTORS USED IN CALCULATTI INSTALLATION
LOSSES FOR THE CRYOGENIC-UL.ED AIRrLANES

Assumed Value

Factor VLA-LCH 4  VLA-LH2  VLA-LH 2*

Compressor air bleed

(lb/sec/engine) 3.1 2.1 2.7

Horsepower extraction ,

(hp/engine) 1 314 212 270

NOTE: Other factors are identical to the JP-fueled
engine.

within the constraint of achieving a useful military system at mini-

mum weight. The simple "brute force" approach of packaging the nuclear

system so that it can withstand every conceivable accident is not pos-

sible within the bounds of reasonable propulsion system weights. Nor

does this approach appear necessary, since a combination of operational

constraints and safety design features can achieve the same ends.

In this study, we have chosen to exploit a combination approach

that places certain restrictions upon the flight profile of the air-

craft during reactor operation and provides enough protection to en-

able the nuclear system to survive all but the most severe crash

conditions. The restrictions upon the aircraft flight profile are

discussed in Appendix A. The design of the reactor safety features

are considered here.

A closed two-loop coolant system was selected in order to isolate

all the components having the potential for direct contact with fis-

sion products (i.e., reactor, shield, primary coolant lines, and pri- z

mary heat exchangers). The entire primary heat transfer loop is en-

closed within a spherical, heavy-metal containment vessel designed to

withstand an impact of 300 feet per second (fps) against a solid object.

A value of 300 fps was chosen because it is representative of

typical aircraft takeoff and landing speeds; most aircraft accidents,

at least in the transport category, occur during takeoff or landing

[10]. Thus, by avoiding reactor operation near populated areas and
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by designing the nuclear system to survive a 300 fps impact, we were

Iable to reduce the safety risk to the general public significantly.

During the initial aircraft sizing exercises, no attempt was

made to utilize the emergency JP fuel as aLAiliary neutron shielding

and the resultant aircraft design weights were in excess of 3 million

lb (TOGW). Since this design approach did not represent the best

design practice for achieving minimum weight systems and since it

imposed excessive weight penalties on the aircraft, it was not pur-

sued in subs3quent activity to refine the aircraft designs.a

The nuclear-propulsion system consists of a liquid-metal-cooled

reactor, an indirect heat transfer system, and eight turbofan engines

of medium b"-ass ratio. The engines are capable of dual-mode opera-

tion (i.e., they can operate in either the nuclear-reactor heating mode
or the conventional chemical-fueled mode using JP). The systems for
the two aircraft configurations vary in total thrust output and hence

in the physical size of the various components. A generic description

of the complete system is shown schematically in Fig. B-7.
+ ' We first discuss the design characteristics of the dual-mode

turbofan engines and follow wiLh a similar description of the nuclear

system (reactor plus heat exchangers).

Dual-Mode Turbofan Engine

The dual-mode turbofan engine was developed by the United Air-

craft Research Laboratories (UARL) in a previous study [76]. Installed

propulsion-system performance data were generated using a UARL com-

puter model [77] supplemented by ASD-developed techniques. The latter

were used to correct the data for appropriate external drags and to

generate performance data which :ere outside the nuclear-mode operating

envelope of the UARL computer program. These performance data, and

also the dimensional and weight data, were generated for a fixed total

4a
aLater studies have indicated that the requirement that nuclear

airplanes take off and land on JP fuel alone may not be neces3ary, since
the safety risk to the general public does not Lppear to change greatly
for a nuclear-powered takeoff with chemical assist. If so, a signifi-

- cant further reduction in TOGWs for nuclear-powered aircraft would be
possible.
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thrust requirement and a fixed number of turbofan engines. The

following exponents were used in the scaling equation (Equation B-3)

to obtain dimensional and weight data for variations in engine-thrust

size required for specific aircraft designs as determined by the air-

craft design analysis.

n = 1.17 for engine weight

n = 0.4 for engine length

n = 0.50 for engine diameter

Installation ctors used in the generation of performance data

are presented in Table B-4. Table B-5 presents the characteristics

Table B-4

FACTORS US17D IN CALCULATING INSTALLATION
LOSSES FOR THE DUAL-MODE ENGINES

Assumed Value
Factor VLA-NUC VLA-NUC*

Inlet pressure recovery

(M = 0) 0.97 0.97
Inlet pressure recovery

(M = 0.2) 0.995 0.995

Compressor air bleed
(lb/sec/engine) 2,9 2.1

Horsepower extraction

(hp/engine)

- JP mode 338 297

- nuclear mode 1173 856

Nozzle gross thrust
coefficient 0.99 0.99

of the dual-mode engine at the optimum thrust level fo- each aircr;crft,

a lcvel detvrmintd by the aircraft design azalysis. The relatively

SIoW turbine in let temperature is dictated by the te'lpe'rature capa-

I)iLV (if tie hei.1t exchanger within the engin'i. Figuro. -8 is a
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Table B-5

CHARACTERISTICS OF THE DUAL-MODE

TURBOFAN ENGINES

Parameter VLA-NUC VLA-NUC*

Number of engines 8 8

Performance at maximum sea-level
static power

- Installed thrust (ib) 77,818 56,755

- Installed TSFC (lb/hr/lb) 0.390 0.390

Bypass ratio 3.853 3.953

Fan pressure ratio 1.642 1.642

Overall pressure ratio 19.52 19.52

Maximun turbine inlet
temperatute ('F)

- JP mode 1,874 1,874

- nuclear mode 1,600 1,600

Maximum dynamic pressure (lb/ft2) 630 630

Maximum Mach number 1.0 1.0

Engine length (in.)

(fan to nozzle exit) 227.6 200.6
I

Engine maximum diameter (in.) 121.1 103.4

Engine weight (lb) 16,42S 11,362

Thrust reverser weight (lb) 2,794 1,932

aDoes not include radiator and coolant weight. (For

radiator weight, see Table B-8.)

sketch of the engine nacelle for the VLA-NUC aircraft. Installed-

propulsion-system performance data for the engine operating in the

chemical mode (JP fuel) for various operating conditions are presented

in Figs. B-9 through B-13. Installed performance data for operation

in the nuclear mode are shown in Fig. B-14. These performance data

are for the engines used in the VLA-NUC aircraft configuration.
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Nuclear SystemIA liquid-metal-cooled fast-reactor system was chosen for examina-

tion in this study simply because pa.ametric sizing methodoP,-gy and

data were readily available for this concept. The only other reactor

concept presently identified as competitive is the helium-cooled

graphite-moderated reactor [78,79,80]; however, this concept has not

been investigated to the level that the liquid-metal concept has, and

parametric sizing methodology and data are lacking.

The nuclear system--including the reactor, shielding, contain-

ment vessel, primary heat exchangers, and associated equipment--are

based on a Westinghouse parametric design formulated during an ear-

lier study [78]. Characteristics of the liquid-metal-to-air heat

exchangers are derived from the previously mentioned UARL work [76].

Dimensional and weight data for the reactor system (i.e., all

components within the containment vessel) can be determined from the

Westinghouse study for any given power-level reactor. However, we

modified these results so that the JP required for emergency cruise

could be utilized as partial shielding. This afforded a reduction

in shield weight and in the physical size and weight of the contain-

ment vessel. The magnitudes of these reductions were derived from

the original Westinghouse shielding thickness and weight data.

Table B-6 summarizes the resulting system characteristics for the

two nuclear-powered aircraft. The reductions in shield and contain-

ment-vessel size and weights made possible by using the emergency JP

for neutron shielding are probably optimistic since the concept

connot be implemented on a one-for-one basis (i.e., replacing one

pound of inner neutron shield with one pound of JP fuel). This oc-

curs because the neutron shield is interior to the gamma shield and

a reduction in its thickness increases the number of neutrons absorbed

in the gamma shield and hence the production of secondary gammas. Thus,

reducing the thickness of the inner neutron shield necessitates in-

creasing the thickness of the gamma shield to attenuate secondary

gammas and alters the neutron flux level at the surface of the gamma

shield. Aside from the greater numbers, the energy distribution of

neutrons esccaing from the surface gamma shield will be skewed towards
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Table B-6

CHARACTERISTICS OF THE NUCLEAR SYSTEMS

Parameter VLA-NUC VLA-NUC*

Number of reactors 1 1

Reactor power (MWt) 535 390

Average fuel burn-up rate (%) 11.4 11.4

Outlet temperature (OF) 1,900 1,900

Operating lifetime
(full-power hr) 10,000 10,000

Dose range (millirem/hr ) 5 5

Impact velocityb (ft/sec) 300 300

Containment vessel and
contents weight c (lb) 471,702 403,291

Containment vessel diameter (in.) 201.88 192.07

JP weightd (lb) 117,407 113,838

JP tank diameterd (in.) 255.0 246.5
aone rem is the dosage of an ionizing radiation that will

cause the same biological effect as one roentgen of X-ray or
gamma ray dosage.

bDesign point for assumed crash containment.

CSee Table B-8 for complete nuclear system weight statement.

dEmergency-cruise JP used as partial shielding.

hligher energies, since an average neutron will not have lost as much

energy in collisions with the nuclei of the inner neutron shield ma-

terial as it would have without a reduction in the inner shield thick-

ness. The net result is that a greater thickness of auxiliary shield-

ing (JP in this case) is required to attenuate the radiation emanating

from the gamma shield surface, Despite an increase in total shield

weight, the overall propulsion system weight is decreased because

the emergency JP fuel must be carried whether or not it is used
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in the shield. Hence any shield material removed is a weight savings.a

A detailed shield design analysis is required to define fully the

weight savings, but such an analysis is beyond the scope of this

study. 
b

The weight and dimensional data for the liquid-metal-to-air

heat exchangers are based on data derived by UARL. Weights and

dimensions for representative canned motor-pumps and the generators

required to pump the liquid metal in the secondary loop were de-

rived by ASD; so were the weights for the reactor-shield cooling

system and for piping and insulation.

Dimensional and weight data for all major components of a

nuclear propulsion system, excluding the turbofan engines, were

generated for a 203-MW reactor. By then defining a scaling factor

(SF) as

n T
e e

SF =236,684 (B-4)

where

n -number of engines
e
T - maximum sea-level static thrust

per engine (nuclear mode),

we were able to calculate the variations in component weights and

dimensions for the reactor required by a specific aircraft design.

The scaling process is illustrated in Table B-7. Table B-8 is the

resulting weight breakdo'wn for the complete nuclear systems of the

VLA-NUC and VLA-NUC*, excluding the weights of the dual-mode turbo-

fan engines.

aA secondary benefit of reducing the thickness of the inner neutron

shield is the reduction in containment-vessel diameter and weight made
possible by a smaller reactor pressure vessel (assuming the JP shield-
ing is exterior and concentric to the containment vessel).

bThe emergency JP is only required in situations in which the

reactor is operating at less than full power (and usually only when
it is completely shut down). Under these circumstances the shielding
requirement is less stringent.
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Table B-7

SCALED WEIGHT AND DIMENSIONAL CHARACTERISTICS
FOR NUCLEAR SYSTEM COMPONENTS

Component Scaled Value

Reactor and containment vessel
Maximum power (MWt) ..................... SF x 203
Weight .................................. See Fig. B-15a
Diameter ................................ See Fig. B-15b

Radiator and NaK (NaK-to-air)
Weight (lb/engine) ...................... SF x 4280
Dimensions .............................. Included in engine

Piping and NaK (including insulation)
Weight (lb/linear ft) .................... SF0 9 5  x 47.6
Diameter (in.) .......................... See Fig. B-16

Canned motor - pump and sump
Weight (lb/engine) ....................... SF x 487.5
Diameter (in.) ............................ (SF x 18,018)1/3

Length (in.) ............................ 1.485 x diameter

Generator and gearbox
Weight (lb/engine) ...................... SF x 198
Diameter (in.) .......................... (SF x 198)1/3
Length (in.) ............................ 1.692 x diameter

Reactor shield cooling system
Radiator--2 required (ib) ............... SF x 922
Motor-pump--i required (lb) ............. SF x 136
Piping and NaK (lb/linear ft) ........... SF0.9 5 x 5.66

JP used for shielding
Weight (lb) ............................. See Fig. B-15a
Outside diameter (in.) .................. See Fig. B-15b

. -
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Table B-8

WEIGHT BREAKDOWN OF NUCLEAR SYSTEMS
(lb)

VLA-NUC VLA-NUC*

Reactor and containment vessel ....... 471,702 403,291

Piping and NaK coolant ............... 71,349 47,210

Radiator and NaK coolant ............. 90,070 65,690

Motor and pump for NaK ............... 10,258 7,482

Generator, gearbox, and shafting ..... 4,166 3,039

Piping and NaK (shield cooling) ...... 1,189 8.!4

Radiator and NaK (shield cooling) .... 2,425 1,769

Motor and pump for NaK
(shield cooling) ................... .. 358 261

Total nuclear system ................ 651,517 529,556

JP used for shielding ................ 117,407 113,838

. -



226

1.8 t

Containment vessel and contents

1.6 (309,500 lb for basic size)

-C"2 1.4-
,

"1.2-

1.0- JP fuel used for shielding

(110,000 lb for basic size)

0 .8 L..1
0 1 2 3 4

Scale factor

Fig. B-m5a-Weight scale factors for a JP-shielded reactor system

1.2 Containment vessel(176.7 in orbsc ie

.-
",E 1.1

JP fuel tank used for shieldinga 1.0 (235.7 in. for basic size)

0.9 1 1 1 I
0 1 2 3 4

Scale factor

Fig. B-15b-Diameter scale factors for a JP-shielded reactor system

=-



227

24

20

16

S12

E

8

4

A 0 1 2 3
Scale factor

*. Fig. B-16-Scale factor for piping and NaK components



228

Appendix C

PERFORMANCE OF THE CHEMICAL-FUELED ALTERNATIVES
WITH IN-FLIGHT REFUELING

Among the potential applications of very large airplanes ,en-

tioned in Section II are the tanker missions. We noted that very

large airplanes could be used for the in-flight refueling of air-

lifters, tactical fighters, or strategic bombers.

In the latter two applications, it would seem logirai to assume

that the fighters or bombers will be JP-fueled. a Thus, regardless

of the fuel employed in the tanker, it will be transferring JP to

the receiver aircraft. Although we have not explicitly analyzed

these two mission applications, insights into the performance of

the alternative VLAs can be gained from data presented in Appendix A.

For example, Fig. A-3 contains the payload-radius trade-off and

Fig. A-4 the endurance-radius trade-off (at several payloads) for

the VLA-JP aircraft. Such information, coupled with the associated

tanker weight increments given in Table A-2, can be employed to

estimate the minimum fuel (JF) off-load characteristics for different

transfer radii and mission rules. (See also the discussion in

Section IV.)

Of greater interest in the present work is the performance of

the VLA alternatives when refueled in flight by tanker versions of

the same basic airplane. This appendix gives these performance char-
t : acteristics for the alternative very large airplanes and also for two

proposed versions of the Lockheed C-5B. First, however, we will briefly

describe our technique for calculating how these airplanes perform

with in-flight refueling.

aLogical in the sense that throughout this work we have assumed

that the initial application of cryogenic fuels would be in transport
category aircraft.
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THEORETICAL APPROACH

Airplane performance with in-flight refueling is a potentially

complex problem and depends on the aerodynamic, propulsion, and

weight characteristics of the tanker and receiver aircraft. To

determine it, we have employed a greatly simplified technique that

assumes the foreknowledge of at least two points on the range-payload

curve for both tanker and receiver. These curves for the VLA alter-

natives are given in Appendix A; comparable data are generally avail-

able for most existing [81] and proposed aircraft [82,83,841.

The equations of motion for a turbine-powered airplane can be

integrated to obtain the following close approximation for the

airplane's range.
dl

R a Mo (L/D) loe (C-1)

w1I
where

R -range

a - speed of sound

ct - thrust specific fuel consumption (TSFC)

M - cruise Mach number

(LID) - lift-to-drag ratio

W0 - gross weight at initial cruise altitude

W1 - gross landing weight

Of course, Equation C-1 is simply a version of the well-known Breuget

range equation [85]. For high altitude flight employing a cruise-

climb profile, results obtained with Equation C-1 are almost exact

(depending on airplane configuration) except for the relatively small

effect of altitude changes on the speed of sound and specific fuel

consumption; TSFC also varies slightly since the thrust required de-

creases (at constant L/D) as the cruise phase proceeds. a Our approach

has been to express Equation C-I as

aThe speed of sound decreases by about 2.7 percent from 30,000 ft

= to 36,000 ft; above 36,000 ft, the speed of sound is constant. Figures
B-2 and B-3 illustrate the relative insensitivity of specific fuel con-
sumption (at constant power) to changes In altitude, and Fig. B-4
depicts the variation in TFSC with thrust level.
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R =fcn (WG,P,WE) (C-2)

where
WG gross takeoff weight

P - payload weight

WE - operating empty weight

Algebraic manipulation of Equation C-i yields the following equations:.

R = kB log .--p& (C-3)

with

(W :yx/RYi R x/R y-1
Wc _ )(C-4)tWe + Px .

and

R
kB Ix (C-5)

log C

where

Rx,Px - range and payload at the X-point

R y,Py - range and payload at the Y-point

W - gross takeoff weight associated with the
g X-point and Y-point

We - operating empty weight associated with
the X-point and Y-point

Thus, if any two points of the range-payload curve are known (prefer-

ably the X-point and Y-point as defined in Section II), then Equations

C-3 through C-5 fully specify the curve if

-m a if P > Py(

-w = Y (Cf-6)Pf P P
"I

W C, (- ( v - P ) '  if P <5 1

i'" .. IM; X y
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where

WG - maximum gross takeoff weight for the
max limit load factor of interest

The equations presented above can also be used to develop the radius-

payload curve and range/radius characteristics with aerial refueling.

(Tanker performance can similarly be estimated using Equations C-3

through C-5.)

For example, radius mission performance (for a given payload)

is determined by assuming initially that one-half of the available

mission fuel is required for the return leg. Equations C-3 through

C-5 can be employed to calculate an outbound range by including the

return fuel in the denominator of Equation C-3; the corresponding

inbound range is calculated by replacing WG with the empty weight

plus tile return fuel weight. Iterating on different assumed values

for return fuel will ultimately provide an outbound range equal to

the inbound range--in other words, tile mission radius.

Performance with in-flight refueling can similarly br estimated.

With buddy mission rules,a for example, Equations C-3 throogh C-5

can be used to calculate fuel burn-off as a function of distance out

for the receiver and fuel off-load capability as a function of radius

for the tanker. The intersection of these curves yields the transfer

point (distance out) and the range or radius of the airlifter can then

be determined as described above. In the case of rendezvous missions,

the fuel off-load capability of the tanker at a given radius is de-

creased by the amount of fuel required for a one-hour loiter. Optimum

fuel transfer occurs at the point where (after the transfer) the re-

ceiver and tanker have just enough fuel to reach their destination.

(In all our work, we have assumed that tankers and airlifters origi-

nate at the same base for buddy misslons--with the tanker returning

to the originating base--and have the same destination for rendezvous

missions--with the tanker flight originating at the destination base.)

aAs used in this report, "buddy-IFR" means that the airlifter re-

ceives an in-fli ght refuel lng on it% outbound leg; a "buddy/rendezvous-
IFR" includes also an in-flight refueling on the inbotnd leg.
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A simple computer model has been constructed which, for a given

tanker/airliftcr pair, determines for the airlifter

o Payload versus range/radius with no refueling

o Payload versus range/radius with an outbound (buddy rules)

refueling

0 Payload versus radius with an outbound refueling (buddy

rules) and an inbound (rendezvous rules) refueling

Any assumed combination of tankers and airlifters in a flight (e.g.,

three tankers serving two airlifters) can be treated.

All of the results presented in this appendix have been calcu-
a

lated using this model. Insights into the accuracy of this approach

can be gained by comparing the radius mission results (no refueling)

with those presented in Appendix A. For example, the curves in

i 0Fig. C-3 (p. 238) can be compared to the 2.25 g curves in Fig. A-3

(p. 164) for the VLA-JP.

LOCKHEED C-SB

In recent years, several new versions of the Lockheed C-5 have

been advanced [82,83,84], some of them specifically intended to satisfy

the requirements of the "Advanced Tanker/Cargo Aircraft" (ATCA) [86].

Unfortunately, each of these somewhat different versions of the basic

C-5 aircraft has been generally referred to as the C-5B.

In the present study, we have used a proposed C-5 model designated

by Lockheed-Georgia as the LGS-193A to represent the C-5B alternative

[82]. More recently, Lockheed proposed a similar version designated as
b

the LGS-194B (83]. We will describe both of these versions and compare

their performance characteristics in order to illustrate that--at least

for purposes of the present study--they are essentially identical.

aNote that this model implicitly incorporates any assumptions made
in the initial determination of the range-payload curve. Thus, if
MIL-C-5011 A rules were used to specify fuel reserves, etc. (as they
have been throughout this report), then the model results will also re-
flect MIL-C-5011 A rules.

b he C-5B data in this report are based on preliminary Lockheed
estimates.
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The LG5-193A

Externally, the LG5-193A is very similar to the C-5A except that

it has a tanker capability. Since using the C-SB as a tactical air-

lifter is not envisioned, the following equipment items are not in-

cluded in the basic airplane:

o High-pressure pneumatic system

o Aft troop-compartment kit

o Cargo-compartment red lighting

o Paratroop kit

o Aerial delivery system kit

o In-flight tire deflation

o Energy management analog computer

o Integral weight and balance system

[ Certain of the C-5A avionics (e.g., the malfunction detection and re-

cording system) are replaced by comparable commercial equ'pment. Of

course, the LG5-193A incorporates major structural changes in the wing,

changes that are equivalent to the wing modification currently ;lanned

for retrofit into the C-SA aircraft under the Service Life Management

Plan [87].

The maximum gross weight of the LG5-193A is 769,000 lb (2.25 g a);

the operating empty weight is 362,000 lb in the cargo mode and 360,800 lb

in the tanker mode.

The LG5-194B

The LG5-194B configuration, as proposed by Lockheed-Georgia, is

quite similar to that of the LG5-193A, with the following exceptions:

o Deletion of the leading-edge slats

o Deletion of the fire-protection system

o Replacement of the passive lift-distribution-control sys-

tem with an active lift-distribution-control system

aBased on the ground-maneuver limit. The 769,000-lb gross weight

corresponds to a flight-load factor of 2.50 g.
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There are also some minor structural differences between the LG5-193A
and the LGS-194B.

The LG5-194B as configured above would provide approximately 13

percent greater range for a given payload than the LG5-193A (no in-

flight refueling). However, for our present purposes we believe that

both the leading-edge slats and the fire-protection system (or its

equivalent) should be retained.

Consider first, the leading-edge slats. Without these high-lift

devices, the critical field length of the C-SB would be increased from

8000 ft to 9800 ft at maximum takeff weight. Since the VLA design

goal is 8000 ft, deleting the slats would overly bias any comparison

in favor of the C-5B.

The fire-protection system was not original equipment on the C-5A.

However, the Air Force has retrofitted the system to most operational

airplanes. In light of this action, we think that some type of fire-

t protection system (perhaps coupled with additional design changes)

would also be required on any new C-5 models that might be procured.

We have chosen simply to retain the existing system.

The maximum gross weight of the modified LG5-194B is also 769,000 lb

(2.25 g, ground-maneuver limit); the operating empty weight (with leading-

edge slats and fire-protection system) is 367,000 lb in the cargo mode

and 364,500 lb in the tanker mode.

Performance with jn-fligtRefueling

,'igure C-1 compare, the payload performan,-e of the L.GS-193A and

the modif ied 1.(;5-194B for various range and radius missions. Depending

on the mission profile, the LG5-194B provides froin 3 to 15 percent greater

payload at a given range or radius than the I.GS-193A. a

Wle have based our work on the proposed l.65-193A despite its modestly

inferirr performance. All our analytical work concerning the C-5B hl

been completed before the i.(;5-194B data were available to us. Given the

'The superior performance of the L(i5-194B can be largely attributed
to its employing .in ictive rather than passive lift-distribution-control
system.
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Fig. C-1 -Performance comparison for C-5B models
designated LG5- 193A and LG5- 194B

similarity of these two proposed airplanes, redoing this elem-nt of the

analysis did not appear worthwhile. We feel that using the LG5-193A in

place of the LG5-194B will not cause any significant differences in the

comparisons made between the C-5S and the very large airplane alterna-

tives in the main text. Actually, were the Air Fo.-ce to procure C-5Bs,

the airplane selected for production would almost certainly differ from

either of these proposed versions. Thus, the LGS-193A seems appropriate

as a representative contemporary large airplane.

Complete performance characteristics for the C-SB with in-flight

refueling is shown in Fig. C-2. We should note that the maximum gross

weight of the C-5B was assumed to be 769,000 lb in the cargo mode, but
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Fig. C-2-C-5B (LG5-193A) performance with in-flight refueling
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was increased to 795,000 lb for C-5Bs operating in the tanker mode.

This latter figure is based on a load factor of 2.00 g (again, a

ground-maneuver limit). KC-135As routinely operate at this reduced

(flight) load factor [81] and it therefore seemed appropriate to use

this less conservative value.

VERY LARGE AIRPLANES

Modifications to the basic VLA designs that allow the airplane to

serve in the tanker/cargo role are detailed in Appendix A. As noted

earlier, these modifications presume that JP is the fuel being trans-

ferred--regardless of what fuel the very large airplane is using. Thus,

the characteristics of the VLA-JP in the tanker mode are fully specified,

but additional definition is required for the other alternatives since

they must transfer a cryogenic fuel in the present application.

VLA-JP Alternative

2 The weight increment that must be added to the VLA-JP aircraft

when serving in the tanker mode is detailed in Table A-2. In the

tanker mode, the operating empty weight increases to 798,857 lb.

Performance for the VLA-JP with in-flight refueling is shown in

Fig. C-3. Results in Fig. C-3 are based on a VLA-JP in the cargo

mode being refueled by a VLA-JP configured in the tanker mode. We

have also assumed that both tanker and airlifter operate at a maximum

gross weight of 1.839 million lb which corresponds to the 2.25 g load

factor. To have reduced the tanker load factor to 2.00 g (as was done

for the C-SB) would have been largely superfluous since the VLA-JP

can deliver its maximum payload of 550,000 lb on a radius mission in

excess of 6000 n mi (with an outbound and an inbound IFR) as shown in

Fig. C-3. (Recall from Section II how few applications require a mis-

sion radius greater than 6500 n mi.) Furthermore, increasing the gross

takeoff weight of the VLA-JP tanker might preclude its operating from

the same airfield as the airlifter, either because it might require

greater takeoff field length and/or increased runway strength.
'-4.
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Cryogenic-Fueled Alternatives

As noted earlier, the weight increments for VLAs in the tanker

mode presented in Table A-2 presume that JP is being transferred.

For the cryogenic-fueled VLAs, however, these weights must be modi-

fied if the respective cryogenic fuel is to be transferred to a

VLA of the same type. Specifically, one must take into account

the weight of the cryogenic tanks for the additional fuel carried

aboard the tanker.

Table C-1 presents modified weight statements for the cryogenic-

fueled Lankers. For the VLA-LCH4 alternative, the cryogenic tank

Table C-1

MODIFIED WEIGHTS OF VLA TANKERS TRANSFERRING
CRYOGENIC FUEL

Weight Element VL4-LCH4 VLA-LH 2  VLA-LH 2*

Operating empty weight of cryo-
genic tanker with cryogenic
tank in cargo compartment (891,062) (752,808) (967,720)
- JP tanker 877,601 700 017 915,171
- cryogenic tank 13,461 4J,791 52,549

Total usable fuel (972,938) (440,198) (624,834)
- fuel in basic tanks 641,658 221,242 362,088
- fuel in additional tanks 331,280 218,956 262,746

Maximum gross weight of cryo-
genic tanker 1,864,000 1,193,006 1,592,554

is cylindrical and can easily be accommodated by the cargo compartment.

The liquid-hydrogen tanks are assumed to have a semi-circular cross

section co that the cargo compartmcnt volume is more fully utilized.

Even with this configuration which is less than desirable, from the

point of view of the tank's construction, neither LH2 airplane has

sufficient fuel volume capacity to attain the 2.25-g-limited gross

weight. (That the L112 airplanes in the tanker mode are so limited

provides additional rationale for not reducing the flight load fac-

tors of the VLA-JP or VLA-LCH4 tankers to 2.00 g. To do so would
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introduce an unwanted bias that might hamper the comparison of the

VLA alternatives.)

Corresponding performance characteristics of the VLA-LCH4 are

shown in Fig. C-4. Figure C-5 and Fig. C-6 present similar results

for the VLA-LH2 and VLA-LH2*, respectively.

An interesting aspect of liquid-hydrogen-fueled airplanes emerges

when one compares Figs. C-3 and C-5: the performance of the VLA-LH2

with aerial refueling is generally superior to that of the VIA-JP.

For example, the VIA-LH 2 with the design payload of 350,000 lb and a

single outbound refueling has a mission radius of about 6500 n ml--

almost 1000 n mi greater than the VLA-JP under the same circumstances.

This occurs despite the aforementioned limitations on the maximum take-

off weight of the VLA-LH2 in the tanker mode. The reason behind this

phenomenon, of course, is that the additional fuel weight being carried

on the VLA-LH2 represents substantially greater fuel energy than the

additional fuel aboard the VLA-JP.

600

500

!K

.jI Payload

300 - '

I.I
200 -

0 1

i

00 2000 4000 6000 8000 10,000

Range/radius (n mi)

Fig. C-4--VLA-LCH4 performance with in-flight refueling
I
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Appendix D

ESTIMATING LIFE-CYCLE COSTS

This appendix describes the methodology employed to estimate the

life-cycle costs of the alternatives. The techniques for determining

acquisition costs and operating and support costs (other than unit

fuel costs) are presented. (Estimates for the average unit costs for

the chemical fuels are reported elsewhere [19]; the basis of our nu-

clear fuel cost estimates is contained in Appendix E.)

Supplementary cost results are presented for each of the seven

alternatives. These include the high, low, and nominal estimates of

acquisition cost (in terms of the number of UE procured, -s well as

20-year O&S costs for various assumed peacetime utilization rates),

By combining this information, life-cycle costs can be developed for

any number of UE and/or operational concepts. The methodological ap-

proach and results of ASD's independent cost analysis are also pre-

sented.

METHODOLOGY

The techniques for estimating aircraft acquisition costs are rela-

tively well developed. For the present study, we used the most recent-Il ly available Rand models for airframe and engine costing. Other acquisi-

tion cost elements were derived from recent Air Force experience in the

procurement of transport aircraft.

Techniques for determining operating and support costs are less

well defined. We have largely based the nonfuel O&S costs on an ex-

rapolation of current USAF experience with the C-141A and C-5A aircraft.

Acquisition Costs

We first discuss the techniques for estimating development and

production costs of airframes, engines, avionics, and nuclear reactor

systems. These production costs account for the total flyaway cost.
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Also described is the method employed to estimate other acquisition

costs such as initial spares.

Airframe. Improved cost estimating relationships for airframe

acquisition have recently been developed by Large, et al. (88]. In

that work, regression analyses are presented which express airframe

production costs in terms of AMPR (Aircraft Manufacturer's Planning

Report) weight (i.e., the bare airframe weight), maximum flight

speed, and quantity produced. Similar equations for the total devel-

opment (RDT&E) costs are also included.

Table D-1 illustrates cost estimates for the VLA-JP airframe

using four distinct methods. a Method 1 is based on regression analy-

ses of the separate cost elements (i.e., engineering, tooling, manu-

Afacturing labor, manufacturing materials, flight testing, and quality

control) for a sample of 25 military aircraft (including fighters,

bombers, md transports). Method 2 is similar except that the re-

gression is based on total airframe cost rather than on the summation

of separate cost elements. Methods 3 and 4 are the same as 1 and 2,

respectively, except that the data base in the regression analysis was

restricted to large, subsonic aircraft (i.e., B-52, C-5, C-130, C-133,

KC-135, and C-141). Note that significant differences exist among the

estimates by the four methods for both the development and the produc-

tion costs.

Engines. Three alternative methods are available for estimating

engine production and development costs; these are also illustrated

in Table D-1. Methods 1 and 2, the so-called time-of-arrival (TOA)

models recently advanced by Nelson and Timson [891, express engine

acquisition costs in terms of lhe following engine parameters:

o Maximum turbine inlet temperature

o Fan pressure ratio

o Maximum dynamic pressureta
aHere, and in the following examples, we assume that 112 UE air-

craft are procured. Thus, of the total number of aircraft produced
(134), 5 are development aircraft and 17 are allotted for the depot-
maintenance pipeline and for attrition replacement.



244

Table D-1

ILLUSTRATIVE ACQUISITION COSTS USING
VARIOUS ESTIMATING RELATIONSHIPS

w** VEhY LAhGE AIRPLADE ACQUISITIONl COSTS * 04/191'76

SYN'!HETIC JP FULLED ScTRATEGIC AIRLIF T ER (VLA-J)
I111aIJUi GROSS WJEIGIHT POINT DESIGIJ (FROrI ASD)

* AIRPLANE CHARACTERISTICS USLD FOR COSTIIjG *

AIRFRAHIL: ENGIUES: AVIONICS:
AIiPR WEIGHT --- 634463. LBS SLS THRUST - 792'7. LBS CUIDANCE
1lAX. SPEED -475. KTS SLS ETSFC -- 0.269 /lif NAVIGATION

flAX. DYN. P. 630. PSF T. I. T. 2500. D F COHIIUNICATION
MAX. IACH 140. 0.800 E. P. R. 35.0
IUC YEAR ------ 1987 WEIGHJT ----- 12199. LBS
14O. A/C PROD. 134 DIAtIETER --- 10.92 FT
NO. DEV. A/C 5 LENGTH- 19.92 FT
A/C PER YEAh 12 CHIIE. FUEL --- JP
1DO. PRIOR A/C - 0 ENG. PER A/C - 6

** SUNIIAkY OF ACQUISITIO14 COSTS BY CATEGORY I*

(FOLLOWING COSTS Il1 fbILLIOINS OF 19"75 COLLARS)

AIRFRAHlE: DEVELOPIEIJT PRODUCTION TOTAL
METHOD 1 2696.905 7096.191 9193.,94
IIETFiOD 2 2458.142 6641.0q0 9099.211
IIEThOD 3 3214.226 9672.18e 13086.410

1IEThOD 4 3529.7*17 9155.250 12685.02!

LNGi NLS: DEVELOPIiEINT PRODUCTIGI4 TOTAl
IITIIOD 1 101.323 1612.469 17 13.-7)-

fIL''OD 2 229.3 '  1-735.42 196 4. 804
IEL0iOD 3 546•7-.b 2218.940 2467,718

AV l.d[CS: DLVELOPIiEIT PRODUCTION TOTAL
IIETHIOD I 6 343 163,648 16.q1

INITIAL SPAhES: DLVELUFIIEIJT PRODUCTIOLi TOTAL
M.LT1OD 1 42b) .6001 1"'41 .898- 217(). 4

00

fIiEThOD 2 207.1418 134 8.28 0 15 5 r.Q
-- = l1E2OD3 ~ ~ 33.6Q14 !9!9.G1 '4 2 ").8 ?



245

o Specific fuel consumption (sea level static)

o Maximum thrust (sea level static)

o Engine weight

o Engine volume

n Allotted development time

o Production quantity and rate

o Year of model qualification test (MQT)

The first six of the parameters are also the independent variables in

regression equations that predict the erpected time of arrival of the

engine under consideration. This expected time of arrival is the year

in which the engine might pass the model qualification test if tech-

nology developments followed historical trends. The calculated time-

of-arrival term then appears as an independent variable in the cost-

estimating relationships. A predicted time of arrival that is sub-

stantially later than the input year for the model qualification test

(i.e., the year that the engine is required by the aircraft development

program) will increase both the development and production costs of
a

the engine. In other words, such circumstances suggest that the en-

rgines represent a more significant advance in technology than can be

anticipated from historical trends.

The Method 1 time-of-arrival model was derived from a data base

consisting of 26 military turbojet and turbofan engines (i.e., TOA26

[89]). Method 2's base included 11 additional commercial turbojets

and turbofans (i.e., TOA37 [89]). The engine cost by Method 3, shown

in Table D-l, were estimated with a less complex model. In this

case, the regression analysis yields acquisition costs in terms of

maximum thrust, engine volume, development time, production rate, and

production quantity (i.e., the "Standard Model" [89]). Again, a

aFor the VLA-JP, we have assumed an initial operational capa-

bility (IOC) of 1987. Assumed IOC for the cryogenic-fueled airplanes
was also 1987, but 1992 for the nuclear airplanes.



246

significant variation in the engine acquisition costs estimated by

the three methods can be observed.a

Avionics. Table D-2 presents the actual average costs of avionics

incurred for the final buy of 23 C-5A aircraft. We have assumed that

Table D-2

C-5A AVIONICS COSTS
(Thousands of 1973 dollars)

Item Cost per Aircraft

Guidance
AFCS ............................... 111.0
Flight direction computer .......... 25.6
Astro inertial doppler IDNE ........ 377.0
AHRU compass ....................... 45.9

Navigation
Multimode radar .................... 247.0
ADF ................................ 4.2
Loran .............................. 33.8
Tacan ................. .64.8

Radar altimeter .................... 29.4
Glidescope .................. ... 2.4
VOR/LOC ............................ 5.7
Radar beacon ....................... 13.8
Navigation selection panel ......... 2.6

Communications
HF/SSB ............................. 60.1
UHF .......................... 18.0
JHF/F.......................... 4.5
VHF communication .................. 6.1

MLDAR
Computer ........................... 42.9
OSC/read ........................... 33.6
Printout .......................... 6.0

Total 1134.4

aAn input development time of six years coupled with the assumed

IOC years causes the time-of-arrival models to regard these engines
as representative of a relatively low technology. That is, the engine
development costs in Table C-1 for Methods 1 and 2 are only meaning-
ful if it is assumed that much of the advanced technology (e.g., a
turbine inlet temperature of 2500"F) is well within the state of the
art at the time these engines are developed. Compressing the develop-

*." ment time would also cause a significant increase in developmenit costs.
For example, decreasing development time from 6 to 5 years could cause
the models to estimate costs as much as 40 percent greater.
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the average unit cost of avionics for the very large airplanes is the

same as that for the C-5A. Each item listed in Table D-2 is included

in each of the alternatives except for the MADAR (malfunction detec-

tion and recording) system; the MADAR unit is also not included in

the C-5B. The costs shown in Table D-2 (as well as the airframe and

engine cost-estimating relationships in the cited literature) are in

constant 1973 dollars.

Indexes for expressing these costs in constant 1975 dollars are

tabulated by category in Table D-3. The category "Other" gives the

average of the airframe, engines, and avionics indexes for each year;

it has been used to adjust the cost of the nuclear reactor system,

initial spares, etc.

Table D-3

PRICE INDEXES BY AIRCRAFT COST CATEGORY

_Cost Category

Year Airframe Engines Avionics Fuel Other

1970 0.795 0.900 0.881 0.855 0.859
1971 0.841 0.939 0.922 0.881 0.900
1972 0.918 0.972 0.971 0.907 0.954
1973 1.000 1.000 . 1.000 0.933 1.000
1974 1.115 1.099 1.104 1.000 1.106
1975 1.227 1.179 1.206 1.065 1.204
1976 1.334 1.262 1.302 1.127 1.299
1977 1.436 1.343 1.395 1.186 1.391
1978 1.536 1.421 1.485 1.243 1.481

1979 1.635 1.499 1.574 1.300 1.569
1980 1.732 1.575 1.663 1.356 1.657

Post-1980

assumed
annual rate

% 4.6 3.2 4.2 3.2 3.9

SOURCE: USAF Aeronautical Systems Division [901.

Nuclear System. Cost estimates for the nuclear reactor system

are similar to those recently developed by a study team at the Air

Force Institute of Technology 1101. Their estimates of the nominal
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development costs of the various elements of the nuclear (liquid-

metal-cooled reactor) system are presented in Table D-4. We ha%,

made two cost estimates for each element of the nuclear system--a

pessimistic (high) estimate and an optimistic (low) estima"e. The

high and low estimates for the development costs are those shown in

Table D-4 plus or minus 500 million dollars, respectively (10].

Table D-4

NOMINAL DEVELOPMENT COST OF NUCLEAR SYSTEM
(Millions of 1974 dollars)

Element Cost

Reactor and centainment vessel ........ 1400

Heat exchangers ....................... 20

Safety valves ......................... 25

Total 1445

SOURCE: Air Force Institute of Technology [10].

The cumulative production cost, C n  of the reactor systems (in

millions of 1974 dollars) for the number of production aircraft, Q P

has been calculated by the following relationship [10).

C + n [log21 (C-1n M1750* Cb + nellge(Che) + 0.35]Qp- 0 "152 Q (D-l)

where

I
MWt - thermal output of the reactor (megawatts)

Cb - average unit cost of a 475-megawatt reactor
(see Table D-5)

ne - number of dual-mode engines per aircraft

C he - average unit coot of the first 10 production heat
exchangers (see Table D-5)

* The low and high estimates for Cb and Che are shown in lable D-5.
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Table D-5

BASE ESTIMATES OF COST PARAMETERS IN EQUATION D-1
(Millions of 1974 dollars)

Parameter Low High

SCb ................. 27.0 53.0

Che ................. 0.5 1.0

SOURCE: Air Force Institute of Tech-
nology [10].

The nuclear system cost estimaLes must be considered much less

reliable than those of the airframe or the engines. This is inevit-

able since the system represents almost a wholly new technology. De-

spite this uncertainty, our discussions with experts in the nuclear

reactor industry have indicated that our cost estimates appear rea-

sonable.

Initial Spares and Other Equipment. The remaining elements of

the system acquisition costs have been assimilated in this last cate-

gory. Included are the following cost elements:

o Initial spares

o Aerospace ground equipment (AGE)

o Sapport equipment

o Training devices

o Data

We have estimated these costs by extrapelating the corresponding costs

cf the C-5A. Table D-6 displays the development and production costs

for this category iii terms of a fraction of the d, Ipment and pro-

duction costs of each of the previously discussed major" cost categories.

The fractions for the nuclear cost category are, of course, little

more than a guess.

The albsolute values of the cost estimates in this category should

be regarded witi, caution. In a relatLve sense, however, we believe



250

Table D-6

COSTS OF INITIAL SPARES AND OTHER EQUIPMENT AS
FRACTIONS OF MAJOR COSTS

Cost Category Development Production

Airframe ........... 0.08 0.13
Engines ............ 0.02 0.25
Avionics ........... 0.01 0.50
Nuclear system ..... 0.25 0.25

that they will not introduce any inconsistent biases when applied to

the alternative airplanes examined in this study.

Synthesis of Acquisition Costs. The low, high, and nominal cost

estimates for each of the aforementioned categories are summarized in

Table D-7. Luw arid high estimates in each category are what the terms

imply. The nominal estimate is the average of however many methods

are shown for eacb category in Table D-1.a

Table D-7 also provides the acquisition cost total ard the aver-

age unit flyaway cost.

Operating and Support Costs

O&S costs, apart from fuel, include the following:

o Squadron personnel

o Base operating support personnel

- o Medical persornel

o Common AGE

o Replenishment spares

o Depot maintenance

o System support

o General support

STable D-1 presents three methods for calculating the cost of

initial spares, AGE, etc. These three methods correspond to appli-
cation of the factors shown in Table D-6 to the low, high, and nominal
estimates, respectively, for each category (other than initial spares,
AGE, etc.) of Table D-7.
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Table D-7

ILLUSTRATIVE SIMARY OF THE ACQUISITION COSTS

4 VEhY LARGE AIRPLANE ACQUISIPION COSTS ** 04/19/76

MIXTIETIC JP FUELED STRATEGIC AIRLIFTER (VLA-JP)
h11141HUII GROSS WEIGHT POIT DESIGN (FROM ASD)

AIRPLANE CHARACTERISTICS USED FOR COSTI1G

AlIFRANE: ENGINES: AVIONICS:
AtIPR WEIGHT --- 634463. LBS SLS THRUST - 89727. LBS GUIDANCE
IIAX. SPELD -475. KTS SLS ETSFC -- 0.269 /IIR NAVIGATION
flAX. DYN. P. 630. PSF T. I. T. --- 2500. D F COMMUNICATION
IAX. HACH 1O. 0.800 E. P. R.- 35.0
NO. A/C PROD. - 134 DIAMETER --- 10.92 FT

140. DEV. A/C -- 5 LLJGTH ------ 19.92 FT
A/C PER YEih -- 12 CiEM. FUEL --- JP
140. PRIOR A/C - 0 L14G. PER A/C - 6

, TOTAL ACQUISITIOU COSTS f I
(FOLLOWING COSTS 114 hILLIONf OF 1975 DOLLARS)

LOW HIGH NOMINAL i
PhODUCTION: ---... . .AIiFRAIE: 66141.1 9872.2 8191.2

EIIGI14LS: 1612.5 2218.9 1855.6
S, AV10hICo3: 163.6 163.6 163.6

-------- - --- - - ---

FLYAWAY TOTAL' 8417.2 12254.8 10210.4

IIITIAL SPARES: 1348.3 1919.9 1670.0
-- - - - - -- a--" IPROCURLIIL14T TOTAL: 9765.5 14 1 4.7 11880.5

DVELOPIIEIJT :

AIFRAIIE: 2458.1 3529.8 29714.8
EIOGIiES;: 101.3 548.8 293.2
AVIONICS: 6.3 6.3 6.3
IITIAL SPAES: 207.4 428.6 324.6

RDT&E TOTAL: 2'773.2 4513.5 3598.9

.t ACQUISITION TOTAL: 12538.7 18688.2 15479.4 *

UiIT FLYAWAY COST: 65.249 94.998 79.151
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Our approach to these costs is much less sophisticated than that to

acquisition costs. We have divided O&S costs into fixed components

(i.e., independent of peacetime flying activity) and variable com-

ponents. Both categories (excluding fuel costs) have been estimated

by a straightforward extrapolation of recent Air Force experiencea
with the C-130E, C-141A, and C-5A aircraft.

Fixed O&S Costs. Two methods have been used to estimate the fixed

O&S costs. The first, based on aircraft AMPR weight, is given by

cF - 350,000 + 3 .55WA + 11,360(2NO + NE)R D-2)

where

cF - annual fixed cost per UE aircraft (1974 dollars)

WA - aircraft AMPR weight (lb)

R - flight crew ratio

N - number of officers in flight crew

ENE - number of enlisted men in flight crew

The last term in Equation D-2 represents the flight crew costs; the

first and second, the other fixed costs.

S.The second method was derived on the basis of average unit flyaway

cost. The relationship in this case is

C 600,000 + 0.0194c + l1,360(2N + N )R (D-3)

F  u 0 E

where

c average unit flyaway cost (1974 dollars)
U

Estimates of the fixed O&S costs for the VLA-JP for both methods are

illustrated in Table D-8. The 1974 dollars have been converted to

1975 dollars using the "Other" category in Table D-3. Note that the

costs shown in Table D-8 are the annual costs per 16 UE squadron.

aWe are grateful to Joseph P. Large of Rand for developing these

estimating relationships for nonfuel operating and support costs.
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Table D-8

ILLUSTRATIVE OPERATING AND SUPPORT COSTS
FOR THE VLA-JP AIRCRAFT

*[ * VLIEY LAhGE AIRPLAIJL AINNUAL OPERATING COSTS **ft 0/19/76

SYhjThLTIC Jv FULLED STRATLGIC AIRLIFTER (VLA-JP)
IIIbIJUI! GhOS WEIGHT POIN1T DESIGN (FROM ASD)

PAAiAHETERS USED FOR COSTING *

OPERATIONAL: FUEL:
NO. OF SQUADhOI4S PRIIIAhY SYSTLH ------ JP
UL A/C PLt% bQUADhO11 - 16 FUEL CONSU!1PTION - 712. 1lfIIT/HR
ChEWS PEh UL A/C - 4.0 FUEL COIJSUMPTION - 38258. LBS/HR
FLIGhT CREW IAKE-UP AVG. FUEL COSTS- 3.01 $/H.MBTU

"O FFCEhS-------3

Li4LISTEID tIN-- 3
FRi PEE A/C PEh 10. -- 60

** ANNUAL COSTS PER SQUADRON (MlILLIONS OF 1975 DOLLARS) **

FIXED: CREW OTHlER TOTAL
HETHOD 1 ".881 50.132 58.012
NIE'ITOD 2 7.8[1 36.127 44.007

VAhIABLE: FUEL OTHEh TOTAL
IJEThOD 1 26.279 47.740 74.019
IETHOD 2 -6.279 32.535 58.8114

* TOTAL OPERATING COSTS FOR ALL SOUADRONS *

CATEGORY: LOW' HIGM, 10lINIAL
CATLGOORY: --- -- ---

FIXED: 30b.052 406.085 357.068
VARIABLL: 4411.696 518.132 464.914

, *frf**,kI***** ***k** ****************** *********************Ul

* ANhUAL TOTAL: 719.748 924.218 821. 9 83 *
*********** ****~***f********M********************f**********

* PArAIIETEhIZATIOIJ OF NOMINAL COSTS (ALL SOUADRONS) **

F11/tIO/AC FIXED FULL OTHER VAR. TOTAL
-------- ----- --- -- - - ---- -

0. 357.068 0.0 0.0 357.068
30. 35".06b 91.9"75 140.482 589.525

60. 35".066 183.951 2P80.963 821.Q8?
90. 35" .068 275.926 1421.445 1054.14f0
120. 35.06b 367.q02 561.92' 728 1.89

150. 35 .066 459 .7 ")2.409 1510).3q5
10. 35" 066 551.853 842.691 1"751.812

210. 35".O 6 b 643.828 8. - 198a.26o
.24u. 35". 06b "35.804 1123.8'14 2216.7 "7

270. 357.068 82 .779 1264.336 2449.184
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Variable O&S Costs. The fuel component of these costs has been

I. calculated by assuming that the average peacetime fuel consumption

per hour is approximately the same as the fuel consumption per hour

when flying the design radius mission profile. The following equation

pertains

cf = U fc (12 FH) (D-4)

where

cf -annual fuel cost per UE aircraft ($)

U - average unit fuel cost ($/MMBtu)

f - average fuel consumption per hour (NMBtu/hr)-
C design radius mission

FH - average peacetime flying hours per month

Average unit fuel costs and fuel consumption rates for the alternatives

are presented in Table D-9. The fuel -onsumption for the nuclear

Table D-9

FACTORS FOR CALCULATING ANNUAL FUEL COST

Unit Cost Fuel Consumption
(1975$ Rate

Alternative Fuel /MMBtu) (MMBtu/hr)

VLA-JP JP 3.21 712

VLA-LCH LCH4  4.28 759

VLA-LH2  LH2  9.78 628

VLA-NUC JP 3.21 314

(nuclear 0.65 1812

VLA-LH2* LH2  9.78 785

JP 3.21 231
VLANUC* nuclear 0.65 1319

C-SB JP 3.21 466

SOURCE: Appendixes A and E and Ref. 19.
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airplanes are the averages for each mode of operation--JP and nuclear.
• I (In Section VIII, certain mission profiles for the nuclear airplane

involved a proportionately greater fraction of the total flight time
in the nuclear mode. Where this was so, average fuel consumptions
were appropriately adjusted.)

Two methods have also been employed to estimate the other vari-
able operating costs. The first can be expressed as,

cv = 0.005425W (D-5)

C V A

where

c- average cost per flying hour per UE (1974 dollars)

and the second by

cV  150 + 0.0000334cu (D-6)

Table D-8 also provides an example of the VLA-JP's variable costs for

both methods.

Synthesis of O&S Costs. Low, bigh, and nominal estimates of O&S
costs have been determined in a fashion analogous to that used in

determining acquisition costs. Table D-8 gives them for the VLA-JP.

Once again, a fairly substantial difference exists between the low

and high estimate for both categories.

Table D-8 also presents results that indicate how the O&S costs
vary with changes in the peacetime utilization rate. For example,

doubling the flying hours per month per UE from 60 to 120 causes only

about a 57 percent increase in total O&S costs.

Also observe that fuel costs represent about 22 percent of the
total nominal O&S costs of the VLA-JP for a 60-hour per month UTE

rate.

Life-Cycle Cost Model

The cost estimating techniques described above have been incorpo-

i. I rated into a life-cycle cost computer model developed specifically for

the present study. Indeed, Tables D-l, D-7, and D-8 are printed output

from this model.

- J
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Life-cycle costs have been determined by apportioning the re-

quired expenditures for RDT&E, acquisition, and O&S by fiscal year

over the total life of the system. Thus, required inputs include

rlathe assumed development times and production rates as well as the
desired IOC year. Table D-10 illustrates this allocation for a

fleet of 112 UE VLA-JP (seven squadrons).a

In addition to giving costs in constant 1975 dollars, Table D-1O

presents them in terms of budget (or then-year) dollars. Budget dol-

lars were calculated with inflators based on the cost indexes presented

in Table D-3. The effect of discounting both constant and budget dol-

lars is also shown in Table D-1O for a 10 percent discount rate.

Observe that the base year in the discounting scheme is the

initial operational capability year. Dollars expended before the IOC

year are thus valued more highly than those spent afterwards. Such an

approach to discounting was necessary since later lOCs (1992 versus

1987) were assumed for the nuclear airplanes. With this approach,

meaningful comparisons of discounted costs can be made among all

alternatives.

Finally, cumulative expenditures by fiscal year (corresponding to
i the annual expenditures of Table D-10) are listed in Table D-11. Note

the very significant effect the relatively high annual inflation factors

--an average of 6.8 percent through 1980 and 4.3 percent thereafter-

have on the total life-cycle cost expressed in budget dollars.b

aThe allocation of RDT&E costs assumed that the development c sts
were equaliy spread over the input development time. We also assumed

* a constant production rate and a constant allocation of production
costs over the production period. (Although a constant production rate
may be unrealistic, the expenditures should be close to being equally
divided among the years of the production run.) Operating and support
were determined by the number of operational squadrons in each fiscal
year. We interpreted a 20-year life cycle for seven Fquadrons as being
equivalent to 140 operational squadron-years.

bWe apologize to the reader for the printout's occasionally giving

eight digits. Obviously, we do not intend to suggest that the cost
estimates have that degree of accuracy.
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Table D-10

ILLUSTRATIVE XPENDITURES BY FISCAL YEAR FOR THE VLA-JP AIRCRAFT

4'e' VLRY LARGE AIRPLANE LIFE CYCLE COSTS *'* 04/19/76

SYNTHIETIC JP FUELED STRATEGIC AIRLIFTER (VLA-JP)
l1I1i4iUtl GROSS WEIGHT POINT DESIGN (FROM ASD)

* PARAIIETERS USED FOR LIFE CYCLE COSTING *

LLVELOPIIEIJT TIEES: IISSION BASIS:
AIRFRAIE ------- 7.5 YEARS DESIGN PAYLOAD --- 175,0 TONS

ENGIHE'S -------- 6.0 YEARS DESIGN RANGE .----- 6400. N. MI.
AVIQlJICS ....... 4.0 YEARS DESIGN RADIUS ---- 3600. N. HI.
SPARES, ETC. --- 4.0 YEARS TOTAL UE AIRCRAFT ----- 112 AM

LIFE CYCLE LENGTit - 20.0 YEARS DISCOUNT FACTOR ------- 0.100 L

* LIFE CYCLE COSTS BY FISCAL YEAR (OITLLIONS OF DOLLARS) *

FISCAL ACTIVE 1975 BUDGET DISCOUNTED DISCOUNTED I

YEAR SQUADHOUS DOLLARS DOLLAhS 1975 DOL. BUDG. DOL.

77 0 260. 098 304.401 674.621 789.531
7 0 404,.245 505.693 953.181 1192.388
9 0 445.494 590.644 954.950 1266.088

- 0 0 458.382 642.887 893.252 1252.798

61 0 528.239 772.045 935.803 1367.718
82 0 528.239 806.549 850.-30 1298.949

p 8 3 0 528.239 842.611 7?3.392 1233.663

64 0 608.714 1012.636 810.196 134q.815
85 0 1044.895 1805.896 1264.321 2185.131
86 0 1044.895 1885.286 1149.384l 20?3.8!3

67 1 1162.321 2174.891 1162.321 2174.891
86 1 1216.848 2369.084 1106.226 2153.74

89 2 1279.747 2590.969 1051.643 2141.298
90 3 1386.802 2917.439 1043.429 2191.918

E 91 3 1443.330 3153.71 7  985.815 2154.035
92 4 1514.599 3439.523 940.449 2135.678
93 5 1615.283 3807.632 911."88 2149.315

94 5 1669.810 4093.366 856.8q9 2100.551

95 6 1749.451 4455.297 816.13r,  2078.437
96 7 1020.337 2588.450 432.24 109'.760
97 621.982 2107.530 316.911 812.548
9b 821.982 2188.419 288.101 767.031.

99 7 821.982 2272.431 261.910 724.01
0 7 821.982 2359.686 238.100 683.521
1 7 821.962 2450.309 216.455 645.247

f 2 7 821.982 2544.432 196."7" 609.121
3 7 21.982 2642.190 178.889 575.021 v
4 7 821.982 2743.123 162.626 542.835

t 5 7 821.982 2849.180 147.842 512.k54
7 7 821.982 2958.71 134.402 483.l7

7 7 321.962 W302.4 "5 122.184 456.108
821.962 3190.63? 111.016 431.156

9-l7 2142.853 8922.934 243.427 1011~~
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Table D-1l

ILLUSTRATIVE CUMULATIVE EXPEDITURES BY FISCAL YEAR j
FOR THE VLA-JP AIRCRAFT

'i VEIY LARGE AIRPLANE LIFE CYCLE COSTS **m 04/19/76

SYIThETIC JP FUELkD STRATEGIC AIRLtFTER (VLA-JP)
fIhIdIJUM GROSS WEIGHT POINT DESIGN (FRO11 ASD)

A* CUMULATIVE LIFE CYCLE COSTS (MILLIONS OF DOLLARS) *

FISCAL ACTIVE 1975 BUDGET DISCOUNTED DISCOUNTED
-LAR SQUADROUS DOLLARS DOLLARS 1975 DOL. BUDG. DL.

---n -- - ----- - -- ----- -- --- ---- n-- ne ec

?7 0 260.098 304.401 674.621 789.531
78 0 664.343 810.094 1627.802 1981.919
79 0 1109.837 1400.737 2582.752 3248.008
80 0 1568.219 2043.625 346.004 4500.805
81 0 2096.458 2615.669 4411.805 5868.520
82 0 2624.697 3622.218 5262.535 7167.469
83 0 3152.936 4464.828 6035.926 8401.129

F 84 0 3761.650 54 7.461 6846.121 9748.941
65 0 4806.543 7283.355 8110.441 11934.00
86 0 5851.438 9168.641 9259.824 1400T.883
L7 1 7013.758 11343.531 10422.145 16182.713
88 1 8230.605 13712.613 11528.36? 18336.484

89 2 9510.352 16303.58 12586.008 2047'.781
90 3 10899.152 19221.016 13629.434 22669.699
91 3 12342.480 22374.730 14615.246 24823.734
92 4 13857.076 25614.254 15555.691 26959.410
93 5 15472.359 29621.863 16467.4v7 29108.23
94 5 17142.168 33715.246 1324.355 31209.273
95 b 18891.617 38170.543 18140.488 33281.101

v 96 7 19911.953 40758.99? 185"3.211 34385.465
97 7 20733.934 4286.520 18890.121 35198.012
96 7 21555.914 4505'.938 19178.219 35965.043
99 7 29377.895 4327.367 19440.129 36689.113

Eg 0 7 23199.875 49687.051 19678.227 37372.633
41 2021.855 5213q.359 19894.680 38011.879

2 7 24843.836 54681.789 20091.457 3 8627.000
3 7 25665.816 57323.977 20270.344 39202.020
4 26487.797 6006.699 20432.969 3944.852
5 27309.77? 62916.879 20580.609 40257.305
b 7 28131.758 65875.563 20715.207 40141.018
7 7 28953.738 68948.000 20837.387 4119.785
8 7 29775.719 72138.625 20948.461 41628.941
9 7 30597.699 75451.936 21049.438 42035.97t
10 31419.660 78892.150 21141.234 42420.246
11 4 31918.566 81061.438 21191.883 42640.426 H

* 20 YEAR TOTAL: 31918.566 81061.4 36 21191.863 42640.426*
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SUPPLEMENTARY COST RESULTS

Supplemental cost information for each of the seven alternative

airplanes is next presented. For each airplane, we show

o High, low, and nominal acquisition-cost estimates,

in terms of the number of UE aircraft procured

o 20-year O&S-cost estimates, in terms of the

number of UE aircraft procured for average

peacetime utilization rates of 2, 4, and 10

flying hours per day.

Unless otherwise noted, our assumptions (for example, about the number

of UE per squadron) are those of the previously discussed example for

the VLA-JP.

These data, together with the information presented above and

in Section V, are sufficient for estimating the costs of any assumed

VLA force size and/or peacetime flying schedule.

Design-Point Very Large Airplanes

FigLre D-la presents the supplemental acquisition cost information

for the VLA-JP; corresponding information on 20-year O&S costs are

shown in Fig. D-lb. Consider the O&S Losts for 100 UE aircraft; these

are about 14.5 billion dollars at 2 hours per day, and approximately

, *48 billion dollars at 10 hours per day. Thus, a fivefold increase in

UTE rate causes only a little more than the tripling of O&S costs.

Given that the relationships used to estimate the nonfuel O&S costs

are based on USAF data (with relatively low average UTE rates), the

estimates at the larger UTE rates should be regarded with caution.

Figures D-2 and D-3 present similir cost results for the VLA-LCH4

aud VLA-LH2 aircraft, respectively. Observe that the O&S costs for

both of these cryogenic-fueled airplanes are always substantially

larger than those of the VLA-JP for any given number of UE aircraft.

As noted earlier, however, the acquisition costs of the VLA-LH2 are

considerably smaller than the VLA-JP's--but not enough to offset its

O&S cost disadvantage.

IV
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The acquisition costs for the VLA-NUC are shown in Fig. D-4a.

Two important observations are: (1) No matter what the number of

UE aircraft, the VLA-NUC costs much more to acquire than any of the

chemical-fueled airplanes. (2) The spread between the low and high

estimates of the VLA-NUC's acquisition cost is significantly greater

than for the other alternatives. Interestingly, the low estimate for

the VLA-NUC is always slightly larger than the high estimate for the

VLA-JP.

* Figure D-4b displays the VLA-NUC's O&S costs. These are of the

same magnitude as the VLA-LH2 but, again, are very much larger than

Lhose of the VLA-JP.

Excursion-Case Aircraft

Supplemental cost estimates for the C-5B are presented in Fig. D-5.

For any number of UE, the C-5B's acquisition costs and O&S costs are

markedly smuiller than those of any of the VLA alternatives. Of course,

the capability of a single C-5B is also inferior to any of the very

large airplanes. (See Sections IV, VII, and VIII.)

Using the described methodology for costing the C-5B (since it

has been preceded by the C-5A) required that some of the input assump-

tions be modified. For example, we assumed that only two development

aircraft would be required (versus five for each of the VLA alterna-

tives). Production costs are even more troublesome; here, we have

assumed that the first C-5B corresponded to the 31st C-5 production

model. A total of 81 C-5As were built, but since the production line

has been shut down it is obviously inappropriate to assume, for costing

purposes, that the first C-5B is the 82d production article. On the

other hand, the first C-5B could hardly be compared to the first C-5A

in terms of production costs. What limited data are available on how

restarting a closed production line affects the learning curve suggests

that a slide backwards of about 50 production aircraft is reasonable.

For the O&S costs, no special credit has been taken for any of the

existing C-5A support equipment and facilities.

Finally, the supplemental costs for the VLA-LH2* and VLA-NUC*

are presented in Figs. D-6 and D-7, respectively. The reader is again



264

High
60

502

Acquisition 40 
*

costsLo
($ billion) 30

20

10

40 60 80 100 120 140 160 180 200 220 240
Number of UE aircraft procured

Fig. D-4o -VIA- NUC acquisition -cost estimates

80

70 10 hours/day
60

20-year 50

costs 4
($ billion)

302hor/a

20

10

00 80 100 120 140 160 180 200 220 240
Number of UE aircraft procured

Fig. D-4b-VLA-NU)C 20-year 0 & C-cost estimates

----- - ----



265

60

50

Acquisition 40
costs

($ billion) 30 Hg

20Lo

10

1,00 120 140 160 180 200 220 240 260 280 300
Number of UE aircraft procured

Fig. D-5a-C-5b acquisition -cost estimates

80-

70

60- 10 hours/day

20- year 50

costs 4
estimates

30 -4 hours/day

20
2 hours/day

10

100 120 140 160 180 200 220 240 260 280 300
Number of UE aircraft procured

Fig. D-5b-C-5B 20-year 0 & S-cost estimates



266

60

50

40
Acquisition

costs 30 Hg
($ billion) 20Nominal

....... ............... L o w

10

40 6080 100120 140160 180200220 240
Number of LIE aircraft procured

Fig. D-6o-VLA- LH2* acquisition- cost estimates

80
10 hours/day

60 -4 hours/dayI

20

10

0 f I I I I I I I I
40 60 80 100 120 140 160 180 200 220 240

Number of LIE aircraft procured

Fig. D-6b-VLA-LH2* 20-year 0 & S-cost estimates



-Sv, -

267

60

50 High

40 Nominal
AcquisiiknJI

costs 30oo
($ bill Iion)

20

1% 10
40 60 80 100 120 140 160 180 200 220 240

Number of UE aircraft procured
Fig. D-la -VIA- N)C* acquisition - cost estimates

60

50-F

20-year 4
30&

costs
($ billion) 2

10-

wk 40 60 80 100 120 140 160 180 200220 240
Number of UME aircraft procured

Fig. D-7b-VLA-NIC* 20-year 0 & S-cost estimates



-77

268

cautioned, because of the variation in unit capability, not to com-

pare these costs on a UE aircraft basis with the design-point alter-

natives.

ASD LIFE-CYCLE COST ESTIMATES

As part of their design analysis, ASD developed indeperient

estimates of the life-cycle costs for each of the very large airplanes.

Of course, some elements of the ASD methodology (e.g., unit fuel costs)

were identical to the previously described analysis.

ASD developed separate estimates for RDT&E, production, and op-

erpting and support costs as described below. The costs of special

fac.lities were included in those cases in which a need was demon-

strated. Life-cycle costs were prepared for two levels of peacetime

flying activity--720 and 1080 flying hours per year (i.e., about

2 and 3 flying hours per day).

Development Costs (RDT&E)

Airframes. Development costs for airframes were estimated using

an earlier methodology developed by Rand (DAPCA II) [91]. The esti-

mating equations for heavy-weight, low-speed aircraft were thought

Ito be the most appropriate for the present effort. Five equations

.were used in estimating costs for the following areas: engineering,

PEA manufacturing labor, manufacturing material, tooling, and flight-

test operations. Development costs were generated by assuming that

five flight-test aircraft are required for each design. It was also

assumed that none of the test vehicles would be transferred into the

operating-aircraft inventory. The costs for test v:t.icles were gen-

erated in the same way as production costs for operating aircraft;

the test vehicles are the first five units off the production line.
Engines. Development costs for the chemical-fueled engines

were estimated with a "technology parameters" model also developed

by Nelson and Timson [89]. a  Independent variables for this model are

aThe technology parameters model is distinct from Nelson and
Timson's three engine-cost models described earlier in this appendix.
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the maximum thrust, engine weight, and development time. A 5 percent

complexity factor was applied for the liquid-hydrogen and methane

engines. Development costs for the nuclear propulsion system include

both the engine and the nuclear reactor system. These costs were

estimated on the basis of the latest available technical/cost data.

The development cost for the nuclear system includes costs (possibly

as high as 50 percent) that could be borne by the Energy Research and

Development Administration, but for purposes of this study, these

costs were treated as an Air Force responsibility.

Development costs for all aircraft under study include the cost

of engines for the five test vehicles. These costs were generated in

I the same manner as the production costs, to be discussed later, and

are assumed to be the first units manufactured.

Avionics. Avionics development costs were estimated on the basis
of the minimum amounts necessary to adapt commercial avionics to the

" production vehicles.

Other. Not included thus far are the development costs of AGE,

training equipment, or data; therefore, a factor of 13.1 percent was

applied to the sum of the previously described development costs to

account for these items.

Production Costs

Airframes. Production costs for airframes were also derived from

the Rand DAPCA-II model. Five equations for heavy-weight, low-speed

aircraft were used--again, for each of the following areas: engineering,

manufacturing labor, manufacturing material, basic tooling, and flight-

test operations. It was recognized that the aircraft under considera-

tion were outside the data base of the model; however, an examination

of the model indicated that the equations do take into consideration

the complexities of large aircraft. Production costs for the nuclear

systems included both reactor and containment vessel costs.
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Engines. Production costs for engines using chemical fuels were

developed using the following equation:

C - 1.321 (Tmax) 0 . 7 0 (Qp)-O1 52  (D-7)

where

c - average unit production cost (1972 dollars)

T - maximum sea-level static thrust (ib)
max

Q - production quantity
p

This equation was developed from cost quotations for high-thrust en-

gines derived during a recent AMST (Advanced Medium STOL Transport)

study and adjusted to meet the requirements of the engines for the

VLAs. Nuclear engine costs were developed from the same data as those

used for chemical engines, with the addition of the sodium potassium

(NaK) radiator. This was accomplished by replacing the coefficient

1.321 in Equation D-7 with 1.723. Because these equations are based

on 1972 dollars, escalation factors were applied to correct them to

1975 dollars.

Avionics. Avionics production costs were based on a recently

completed ASD study of large aircraft (specifically, a study of the

Advanced Tanker/Cargo Aircraft). The costs for an extremely austere

avionics system were developed from data generated in that work. The

study asswued that most components were available in existing commer-

cial stocks, and this explains why all of the alternatives have rela-

tively low avionics costs.

Other. A factor of 18.26 percent of flyaway cost was used for

the costs of AGE, training, data, and initial spares. (Flyaway costs

for the nuclear aircraft excluded nuclear systems costs.)

The existing cargo handling system was considered capable of

providing adequate material handling for these aircraft. Costs were

not developed for new manufacturing facilities, nor were specific

costs generated for special airframe maintenance buildings that may

be needed for base-level maintenance. The design of these aircraft

enabled them to use runways presently capable of handling the C-5A,



271

747, DC-IO, etc. Thus, no additional funds were allotted for runway

or taxiway strengthening.

Operating and Support Costs (O&S)

Costs were generated for 20 years of operation on a typical

military cargo-mission using an updated version of the PACE cost

model (92]. Basic assumptions and a brief description of the method-

ology are described below.

Squadron size was assumed to be 16 UE aircraft with a total of

seven squadrons. Manning for the primary program element, base oper-

ating support, and medical support is based on the current C-5A man-

ning for a similar sized squadron. The flight crew for the chemical-

fueled aircraft consisted of two pilots, one systems officer, and

five airmen. An additional officer and airman were assumed for the

nuclear aircraft. The training cost for these additional crewmen

r was estimated at $100,000 per officer and $60,000 per airman. This

training cost was an external addition to the PACE model results.

The pounds of fuel consumed per flying hour (PH) were generated

on the basis of the design-mission profile. Average unit fuel costs

were the same as those shown in Table D-9. Nuclear aircraft fuel cost

per flying hour consisted of a combination of JP cost plus the cost

of nuclear fuel consumed.

Cost factors for base material support (BMS) per FH, replenish-

a ment spares per FH, and common AGE per UE per year were generated based

on preliminary cost estimating relationships (CERs) developed by Hq

USAF for large cargo aircraft. Recognizing that the specifications

for the very large airplanes exceed the data base, additional factors

were developed (except for BNS) based on the AMPR weight of the C-5A

and the cost factors applicable to the C-5A. Actual costs using the

C-5A data for the chemical-fueled aircraft ranged from 2 percent to

8 percent of the costs computed using the specifically developed CERs--

thus supporting the use of these CERn. The differences were greater

for nuclear aircraft as a reuult of the additional weight of the nu-

clear system, but the factors were kept constant to account for
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system complexity. Factors used for Class IV mods (0.0038 of flyaway

costs) and Class IV spares (0.075 of Class IV mods) were obtained from

AFM 173-10 [92].

Summary

Table D-12 summarizes ASD's .ife-cycle cost estimates for the six

very large airplane alternatives. A comparison of the ASD and Rand

cost results (using identical assumptions regarding the number of air-

craft acquired, etc.) is included as part of Section V.

i s
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Appendix E

COST AND ENERGY ASPECTS OF THE NUCLEAR FUEL CYCLE

Important concerns of the present study are the average unit

costs and total energy implications of the fuel alternatives under

consideration. These aspects of the three chemical fuels are dis-

cussed in detail in a separate report [19); this appendix describes

our companion analysis of nuclear fuel.

Understanding the cost and energy implications of nuclear power

(for ground-based applications as well as airborne reactors) requires

some background in what is commonly termed the "nuclear fuel cycle."

We therefore begin with a general description of that cycle. There

follows a discussion of the total energy requirements of the nuclear

fuel supply process; the energy analysis is specific to the airborne

liquid-metal reactor described in Appendix B. The appendix concludes

with a presentation of our approach for estimating the average unit

cost (dollars per million Btu) of the nuclear fuel.

DESCRIPTION OF THE FUEL CYCLE

The fuel cycle for the airborne liquid-metal-cooled reactor I
(ALMR) is qualitatively similar to that of the light-water reactor

(LWR). (Nearly all commercial reactors in operation in the United

States today are light-water reactors. We will describe the well-

known fuel cycle for the LWR and note the differences that the ALMR

would necessitate.)

There are essentially nine steps in the basic fuel cycle for

commercial light-water reactors [931. These are

o Mining

o Milling

o Conversion

o Enrichment

o Preparation
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o Fabrication

o Fissioning in reactor

o Reprocessing (and waste disposal)

o Reconversion

Figure E-l illustrates the placement of these steps in the cycle.

The following discussion describes each step.

Mining and-Milling
The mining step consists of extracting ores which contain uranium

oxide, U308 (pitchblende); presently ore assays vary from 0.2 to 0.6

percent U308 . The ore is further concentrated by mechanical and chemi-

cal milling methods to a high percentage of U308 ; at this stage it is

called "yellow cake." The mills are usually located close to the mines,

so that transportation costs and energy requirements are minimal.

The fissionable isotope, U235 , occurs naturally in very low con-

centrations, as shown in Fig. E-2 (p. 277). On the average, only 0.29

T percent of the ore mined contains U308, of which 85 percent is natural

uranium. Only 0.711 percent of the natural uranium is fissionable
U2 35 . The remainder of the uranium consists of the nonfissionable

uranium isotopes, U238 (99.2831%) and U234 (0.0058%).

Conversion

The enrichment plants are designed to process the gaseous compound,

uranium hexafluaride (UF6). What the conversion plant does is trans-
form the yellow cake into this compound.

Enrichment

For sustained fission to occur, fissile material must be present

in sufficient concentrations--the exact concentration depends on the

nuclear reactor's deaiign. Enrichment to the desired level occurs at
athree federally owned diffusion plants. For LWRs, the uraftium is

aToday all U.S. enrichment plants are of the gaseous diffusion

type (94,95], Advanced technology enrichment plants, using the
centrifuge concept, promise reduced enrichment costs and cnergy
requirerents (96,971.



276

Reactor

/U02

Preparation
and

fabri cati on

StorageReprocesuing
Of and

Recwalte utorage

F -- a ula ulcce o ih-ae ecos11

Conversio

--.. . . ..0~-



277

1 metric ton
of mined ore

2.5 k 2
2.9 kg U30 8  uranium 17 g U

85% U 0.711% U 235

0.29% U30 8

Fig. E-2-One metric ton of ore yields approximately 17 grams
of fissile uranium

enriched to between two and three percent U2 35--depending on the

specific reactor design. The core of a typical airborne liquid-metal

reactor requires enrichments up to 93 percent.

The energy expended at such a plant is measured in separative

work units (SWU) [95]. In addition to the enriched uranium, the

plant produces depleted uranium (called tails) with a usual assay of

between 0.2 and 0.3 percent U2 35.

Preparation and Fabrication

During these steps--which at times occur in the same plant [98]--

the fuel is readied for use in the reactor. The UF6 is converted to

U02 , uranium dioxide, a powder, which in turn is pressed into tiny

pellets. These pellets are inserted into thin-walled metal tubing

(the fuel rods) in a process called cladding. These fuel rods are as-

sembled in groups called fuel elements. (The fuel elements of the ALMR

would differ substantially from those of a conventional ground-based

reactor.)

As of 1970, there were four such fabrication plants in the United

States, with two more scheduled to be in operation by 1976 [93].



278

Reactor

During the fission process in an LWR, products are formed which

absorb neutrons; thus, fewer neutrons are available to maintain the

chain reaction. When the process has slowed significantly because

of this, the fuel is said tc be "poisoned." Periodically, therefore,

some of the irradiated fuel is replaced with fresh fuel (on the

average, one quarter of the core is replaced each year). The spent

fuel is so radioactive that it must be stored at the reactor site for

several months before being shipped in lead casks to a reprocessing

plant.

The nuclear airplane's liquid-metal-cooled reactor, on the other

hand, is designed to provide 10,000 full-power reactor hours between

refuelings. At that time, the entire coce is replaced. One of the

most significant differences in the fuel cycle of the ALMR compared

to the LWR's is that the spent core still contains an enormous quan-

r tity of unfissioned U235. The energy content of this spent fuel is

actually several times larger than that consumed by the reactor in

10,000 hours of operation. It is obviously important to recover the

unused fissionable material from the poisoned, irradiated fuel and

reprocess it.

Reprocessing and Reconversion

At the reprocessing plant the elements of the spent fuels are

chopped into pieces and dissolved in acid to recover the residual

uranium and produced plutonium. The uranium is sent to the enrichment

plant after being reconverted to UF6 . At present the plutonium is

stored, but future plans call for it to be blended with uranium for

future use in LWRs (i.e., plutonium recycling [991).

The permanent wastes (called high-level wastes because of their

high radioactivity) are presently stored in underground steel tanks

near the reprocessing plants [1001. The most likely permanent dis-

position of the wastes appears to be underground in solid form in

geologically stable areas.

aplutonium, as noted in the subsequent discussion, can be regarded

as a by-product of the fissioning of U235.
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The Fission Process

All current reactor concepts have one element in common: They

universally use U235 at some point in the fission process. The im-

portant characteristic of U2 35 is the high probability of its fis-

sioning into fragments whenever it captures a slow-moving free neutron.

Fissioning results in the conversion of about 0.1 percent of the

original mass of the uranium nucleus into energy. There is an ave rage
energy release of about 200 MeV (million electron volts) per sion.

Approximately 95 percent of this energy results from primary tission,,

5 percent from secondary sources. Fissionable atoms are 4Aso removed

by parasitic neutron capture, since neutron capture does not always

result in fission. The ratio of capture to fission varies with the

fissile material and neutron energy [101]. Fission energy appears
largely in the form of kinetic motion of the particles (i.e., heat

energy).

Along with the fission products, for every neutron required to

initiate fissioning, an average of 2.5 neutrons are released. Of

course, this is the reason a chain reaction is possible.

As noted earlier, only 0.711 percent of natural uranium is the

fissile isotope U235 Fortunately, two other isotopes, which are 4

hundreds of times more abundant than U235 [102], can be converted to

fissionable material.

Fertile Isotopes. In practice, two man-made isotopes are also -

capable of sustaining a fission reaction: U233 and Pu2 39 . These 4
two isotopes can be produced from thorium and uranium, respectively.

The pertinent reactions (with interim steps removed) are:

Th2 32 + neutron U U233 + electron (27.4 days reaction time)

U238 + neutron - I 2 39 + electron (2.37 days reaction time)

In addition to the quantity of fissile Pu2 39 produced, a'significantI

amount of nonfissile plutonium is also produced. Thus, when this

plutonium product is discussed, it is customary to indicate the

percentage which is fissile. For example, the plutonium product
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mixture typical of spent fuel from an LWR initially fueled with

slightly enriched uranium is approximately 71 percent fissile. The op-

erating characteristics of the ALMR are such that only a few kilograms

of fissile plutonium are produced in the 10,000 hours of operation.

Thus U2 38 and Th232 are said to be "fertile" materials because
they can decay into the "fissile" materials Pu 2 3 9 and U2 3 3 , respec-

tively.

The Breeder Reactor. With the above understanding, we can ob-

serve that a breeder is simply a reactor designed in such a way that

--after a period of time--the quantity of fissile material converted

from fertile material is larger than the quantity of fissile material

consumed--for example, more fissile plutonium produced than U2 35

consumed. A reactor which produces about as much fuel as it consumes

is called a converter; one with a very low conversion rate is called

a burner. Most of the reactors in the United States today are burners,

as are the airborne liquid-metal-cooled reactors considered in this

study.

TOTAL ENERGY ANALYSIS

The objective of our energy analysis of the nuclear fuel cycle

is to develop a total energy ratio for nuclear fuel comparable to the

energy ratios presented in Section VI for the chemical fuels. SuchV. a ratio provides th ,ans for calculating the nuclear airplanes'

total fuel-energy consumption in addition to their direct consumption

(i.e., the energy content of the fuel consumed onboard the nuclear

airplane).

Figure E-3 illustrates this type of analysis for the supply pro-

cesses of the chemical fuels--assuming that they are being synthesized

from coal. The energy requirements of each step in the supply path

have been divided into two components: process energy and resource

energy. Process energy is the ancillary energy require3 at each step;

included, for example, is the energy required to mine the coal and to

fuel the train, and the electrical energy required by the various
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. facilities, a The resource energy flows, on the other hand, reflect
Sthe thermodynamic losses at each conversion step, and transportation

* and storage losses (e.g., boil-off of liquid hydrogen). The resource

i energy flow begins with the coal input required (254 units for the

:. . LH2 case in Fig. E-3); the output consists of the desired fuel end-product (100 units) plus any useful by-products (e.g., the 47 units

of low Btu gas output in tihe hydrogen gasification facility).

i As illustrated in Fig. E-3, once the energy flows for a given

process are identified, determining the total energy ratio is straight-
forward. It is simply the sum of the input energy (process and re-

source) divided by t~e sum of the output energy (desired end-product

plus useful by-products). Figure E-3 gives these total energy ratios
for the three synthetic chemical fuels.

~aElectrical energy here and in the nuclear fuel cycle analysis

is represented by the required thermal inputs for the generation of
electricity. In other words, one kilowatt-hour of electricity equals
10,480 Btus of heat input--a conversion efficiency of 32.6 percent 19].
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Modeling the Nuclear Fuel Cycle

Analogous energy flows in the supply process for nuclear fuels

(based on the previously described fuel cycle) are conceptually more

complex. The process energy requirements of the nuclear fuel cycle

present no difficulty and can be treated in the same fashion as those

of the chemical fuels. However, problems arise in the definition

of resource energy.

A definition of the total energy ratio for the nuclear fuel cycle

that corresponds to the above description of the chemical fuels

would be

E +EI i p r(E)
ER (E-1)

R +B
e e

where

ER - nuclear fuel cycle total energy ratio

E - process energy requirements
p
E - resource energy inputs

R - reactor thermal output
e
B - energy content of useful by-products

e

The process energy and reactor output terms are well defined as is

the by-product term, once the meaning of "useful" is agreed upon.

(At the least, useful by-products include the energy content of the

spent core.)

However, the resource energy term is another matter. A given re-

actor requires a certain amount of yellow cake (U308) for its fuel and

this quantity of yellow cake can readily be calculated. The question

is: What is the energy content of a given amount of yellow cake? The

apparently appropriate answer is: The energy content of the U235 which

can be calculated on the basis of the theoretical maximum thermal energy

released from the fissioning of one gram of U235--about 73 million Btu's

[101].

However, such an approach would be invalid for most reactors,

since some of the U2 38 in the original yellow cake will be converted

to Pu2 39 . Some of this plutonium is fissioned within the original

reactor, while the remainder will be available for recycling. Thus, =
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if only the energy content of the U2 35 is counted, total energy

ratios less than one are possible because of the ignored U238 to

Pu2 39 conversion.

To resolve these difficulties, it is necessary to consider the
purpose of calculating total energy consumption. For the chemical
fuels, total energy consumption calculations provided insights into

how the coal resource base might be most efficiently exploited to

satisfy aviation fuel requirements. In an absolute sense, however,

the total energy consumption metric may be less meaningful. For ex-

ample, the lowest total energy consumption for the VLA-JP aircraft

occurs if the JP is made from crude oil. From the viewpoint of

realistic energy policy, however, refining crude oil is less attrac-

tive in the longer term than synthetic JP from coal, because the

U.S. coal resource base is many times larger than that of crude oil.

Thus, if primary energy resources differ, comparing total energy con-

Bsuption is only significant when related to the magnitude of the

respective resource bases.

To apply this concept to nuclear fuel, we must assume that the

magnitude of the yellow cake resource available is known at least as

well as the coal resource. Thus, the total amount of U2 35 available

is also known. Assuming that all commercial and operational military

reactors are of the burner type, the energy ratio--as defined above-

can be applied to the known base. When converter reactors (with or

without plutonium recycling) or breeder reactors become available,

the size of the nuclear resource base can be increased accordingly.

To summarize: the nuclear fuel cycle's total energy ratio (for any

burner reactor) will remain constant--but the significance of the

energy ratio is dependent on the emergence of the advanced reactor
a

concepts.

aThe reason for the increases in the nuclear resource base is that

--when calculated in this fashion--the total energy ratio of a success-
ful breeder reactor must be less than one. Converter reactors would
have total energy ratios approaching unity. In other words, as breeder
reactors are introduced, the fissionable material resource base will
actually increase. The eventual upper limit on the magnitude of the
resource base is governed by the amount of fertile material available.
Breeder reactors do not provide an infinite source of energy, but they
do expand the usable resource by several orders of magnitude.
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With this background, the energy flows in the fuel cycle for the

airborne liquid-metal-cooled reactor will now be described--first the

process energy flow and then the resource energy. To aid in the ex-

planation, we have used the 535-MWt (megawatts-thermal) reactor for

the VLA-NUC aircraft as a working example.

Process Energy

The major component of the process energy is that required for

enrichment. Of an order of magnitude less is the process energy re-

quired for the rest of the fuel cycle. The latter has been assigned

the value 0.3 x 1012 Btu, which is approximately the total amount of

process energy needed for all steps but enrichment in the fuel cycle

for a 1000 HWe (megawatts-electric) groupd-based light-water reactor
a

[03]. To obtain the energy required for enrichment, the total number

of separative work units must be determined.

For the AL4R, the average enrichment of the core is 60 percent;F

that is, there are 2262 kgU in the core, of which 1357 kg are U2 35.

ERDA (then the Atomic Energy Comission) provides tables that indicate

269,743 kgU (with the naturally occurring enrichment of 0.711 percent)

are required as feed for the enrichment plant under these circum-

stances (95]. The corresponding SWU requirement converts to 4.3 x 1012

Btu (104]. The total process energy (Ep) requirement is therefore
p

approximately 4.6 x 1012 Btu.

Resource Energy

Since the initial makeup of the reactor core is known, it is

relatively easy to retrace the steps in the fuel cycle and thus deter-

mine the total amount of uranium that must be mined. These c,,lculations

are illustrated in Table E-1.

Observe that the losses in the milling and conversion steps are

quite small; we have assumed that no enriched fuel is lost in the prep-

aration and fabrication steps or in any transportation operations [103J.

a Here, we are assuming that enrichment is accomplished with the

gaseous diffusion process. Enrichment energy requirements could be
reduced by as much as an order of magnitude if the centrifuge enrich-
ment process were available.
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Table E-1

RESOURCE ENERGY LOSSES IN THE NUCLEAR FUEL CYCLE
(for a 535-MWt airborne liquid-metal-cooled reactor)

Total Uranium Fissionable
0 * Uranium

Throughput Enrichment
Fuel-Cycle Step (kg) (%) (kg of U2 3 5)

Mining (ore) 269,743 0.711 1918
Milling (U308) 268,394 0.711 1908
Conversion (U308  UF6) 267,052 0.711 1899
Enrichment (UF6) 2,277 60.00 1366
Conversion (UF6 - U02) 2,272 60.00 1363"
Conversion (U02  UN) 2,267 60.00 1360
Fabrication (UN) 2,262 60.00 1357

Delivered to reactor 2,262 60.00 1357

NOTE: The fuel elements of the ALMR are fabricated from
uranium nitride (UN), those of the ground-based LWR, from
uranium dioxide (U02).

The total requirement is shown in Table E-1 to be 1918 kg. This

can be converted to energy measure by using the aforementioned conver-

* sion factor (1 g U2 3 5 - 73 million Btu). Thus, the resource energy re-

quirement for the reactor core, the Er, is 140.0 x 1012 Btu.

The only useful energy by-product of the ALMR's fuel cycle is the

energy content of the spent core. The uranium makeup of the spent core

is displayed in Table E-2 along with the associated reprocessing and

Table E-2

REPROCESSING AND RECONVERSION LOSSES
(after 10,000 full-power reactor hours)

Total Uranium Fissionable
Uranium

Throughput Enrichment

Fuel-Cycle Step (kg) (2) (kg of U2 3 5)

Spent reactor core 1952 55 1069
Reprocessing and

reconversion 1938 55 1066
Available for

enrichment 1938 55 1066
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reconversion losses. (Recall that reprocessing included high-level

waste disposal.) The resulting energy content of the by-product, Be,

is 77.8 x 1012 Btu.

Total Energy Ratio

To complete the calculation of the fuel-cycle's energy ratio, we

need only the thermal Gutput of the reactor, R . During 10,000 hours
e

of full-power operation, a 535-MWt reactor would generate 18.3 x 1012

Btu (1 kwh - 3413 Btu).

From Equation E-l, the total energy can be computed as

ER - (4.6 + 140.0) x 1012
(18.3 + 77.8) x 10 z - 1.50 (E-2)

The reaeer is reminded that the above energy ratio is specific to a
aliquid-metal-cooled reactor intended for aircraft propulsion.

V Furthermore, total energy consumption comparisons between the

chemical-fueled airplanes and the nuclear airplanes must be made with

an awareness of the magnitude of their respective resource bases.

This aspect of the energy analysis is further discussed in Section VI.

NUCLEAR FUEL COSTS

In this section, we describe the techniques and procedures used

in arriving at the nuclear fuel costs for an AL4R. Since such an

airborne reactor has never been built, it is necessary to conceptualize

the fuel element fabrication, reprocessing, and reconversion steps in

the fuel cycle and to plJJect the cost for each step. This introduces

a considerable margin for error, and different analysts may arrive at

quite different cost estimates. We have made use of available expertise

[105,1061 in formulating the various fuel element processes and have

&An alternative definition of the energy ratio is: The sun of the

process energy plus reactor output divided by the reactor output. In-
terestingly, this much simpler formulation, which has the advantage of
not having to deal with the resource energy flown, yields a comparable All
value for the energy ratio of 1.39.
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relied upon the cost projections made by these experts and other ex-

perts within the Energy Research and Development Administration [107,

108,109,110].

Unlike the cost of chemical fuels, which are determined prior to

their consumption, the cost to DoD of nuclear fuels is determined

only after they have been used. This is due to ERDA's policy of

charging governmental agencies only for the fissile material consumed

and not for the entire uranium inventory originally delivered. Be-

cause of this policy we need only estimate the dollar value of the

uranium inventory at reactor start-up and again at end-of-life.

Start-Up

Because the depletion of low-cost, high-grade domestic uranium

ores is projected to occur by the mid-1980s, the value of the reactor's

uranium inventory is based upon the cost factors shown in Table E-3.

Table E-3

PARAMETERS FOR NUCLEAR-FUEL COST ESTIMATES

Value

Cost Parameter Expected Current

Ore tails assay (%U308) 0.12 0.29
Ore ($/kg U308) 33.00 17.60

Conversion ($/kgU) 3.42 2.40
Separative work ($/SWU) 53.35 36.40

If the initial fuel charge follows a typical enrichment sequence

before fabrication, it will proceed from ore to reactor fuel as follows:

Ore - U30 8  UF6  U02  UN

Combining the expected ore assay in Table E-3 with the yellow cake

requirement shown in Table E-1 indicates that 224,800 metric tons of

ore will be required for each ALM core. Again using Table E-3, each

core will contain $8.9 million in uranium inventory.
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The charges for uranium enrichment services are determined by

the number of separative work units required to obtain i:he enrich-

ment desired. The enrichment of a typical ALMR varies from a minimum

of 50 percent at the core centerline to a maximum of 93 percent at the

periphery, with an overall core average of 60 percent. Although not

absolutely exact, cost estimates based upon an overall core average

enrichment are sufficiently accurate for our purposee. A total of

148.235 SWU/kg are required for enrichment to 60 percent [107];

hence, an ALHR core would represent an initial investment of $18

million in enrichment services.

End-of-Life

To estimate the end-of-life value, we calculate the core's en-

richment ratio after 10,000 full-power hours and determine the value

of a clean core of the same enrichment ratio. Since only U2 35 is

consumed in quantity, the average enrichment at the end-of-life will

be less than at start-up; and its value, as determined from the equiv-

alent ore processed and enrichment services, will likewise be less.

We first estimate the quantity of U2 35 consumed and then determine

the average enrichment ratio. To deliver 535-Wt net output requires

that the core generate about 543-MWt total, since not all of the ther-

mal energy can be recovered at a high enough temperature to be of pro-

pulsive value. An ALMR operating for the full 10,000 hours will con-

sume approximately 288 kg U2 35 (250 kg fissioned and 38 kg lost by para-

sitic capture). Similarly about 22 kg U23 8 will be removed by neutron

absorption (and nearly 13 kg will eventually become fissionable Pu2 39).

In our analysis, in order to maintain a conservative cost estimate, no

credit is taken for the Pu2 39. The end-of-life enrichment is computed

to be 55 percent, which represents $14 million in enrichment services

and the value of the uranium inventory is $7.3 million.

Thus, the net cost of fissionable material for one ALMR core is

estiiated to be $5.6 million. To this we must add the costs of re-

processing, waste disposal, and fuel-element fabrication. The Lost of

reprocessing has been estimated to be $1300 per kgU processed [106].

Using this rate, the reprocessing cost for one core would be $2.5

million. Waste disposal cost has been estimated to be $700 per kgU _
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[106], for an additional cost of $3.3 million per core. We use LWR

experience to estimate the fabrication costs since there are no data

available on the fabrication costs of the ALMR-type fuel elements.

Light-water reactor experience suggests that fabrication costs are

typically about 21 percent of total fuel-cycle cost. Thus, fabrica-

tion cost of one core would be approximately $2.5 million.

The resulting total fuel-cycle cost estimates are summarized in

Table E-4. Earlier we noted that the total output of the ALMR for

mI
Table E-4

NUCLEAR FUEL-CYCLE COST ESTIMATES
(Per reactor core in 1975 dollars)

-Fuel-Cycle Elemnt Cost

Fissionable -5,600,000
Reprocessing 2,500,000
Waste Disposal i 1,300,000

: Fuel-element

fabrication 2,500,000

Total 11,900,000

10,000 hours of reactor operation was approximately 18.3 x 1012 Btu.

Therefore, the average unit costs (to the Defcnse Department) of the

nuclear fujel is approximately $0.65/MMBtu.

.1
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Appendix F

DETAILS OF THE STRATEGIC AIRLIFT MISSION ANALYSIS

This appendix presents those details of the strategic airlift

analysis which were omitted, for the sake of brevity, from Section

VII. Among the analytical aspects to be discussed are the tech-

niques for determining cycle times (i.e., the total ground and flight

time for a complete APOE-to-APOD-and-return cycle), the method of

estimating average aircraft payloads, and some important operational

considerations. In addition, detailed results are presented for

each of the six mission scenarios investigated.

ANALYTICAL ASPECTS

Simulating an airlift deployment requires the specification

of numerous parameters. Reduced to simplest terms, the time re-

quired by a given fleet of operational aircraft to deploy a speci-

fied amount of Army equipment can easily be determined if the cycle-

time (i.e., APOE to APuD and return) and the average aircraft pay-

load for that type of equipment are known. Both are discussed below,

as is the way closure time for a specified number of UE aircraft is

then estimated.

Cycle Time

Estimating the flight time between an APOE-APOD pair obviously

requires the specification of the deployment route. Table F-l lists

the equipment weights that must be loaded at each of 24 airfields

whiah served as APOEs in our analysis. Each Army unit deployed is

within one day's march of its associated APOE [54].
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For each mission scenario, flight distances were estimated by
asubdividing the route from each APOE to the APOD into realistic

mission legs. The lengths of the mission legs were tailored to the

specific range/radius payload characteristics of each of the alter-

natives. The flight time (block-to-block) for each leg is given oy

i D i

t i V + 25/60 (F-l)
- ai

where

t - flight time on mission leg i (hr)

D i - flight distance for misp4on leg i (n mi)
1i
V a- aircraft cruise speed adjusted for averageai winds on leg i (kn) [3].

Thus, 25 minutes were allotted for taxiing, etc., in each mission leg.

Ground times were estimated as follows:

o 2.5 hours allotted for loading at the APOE

o 2.0 hours for each refueling stop

o 1.0 hours allotted for off-loading at the APOD

The ground time at the APOD for Middle East and Far East range mli-

siobs was assumed to be 3 hours (to allow for refueling as well as

aRealistic in the following Pc.:se: Consider the NATO radius mis-
sion as an example. Most sorties included an outbound and inbound re-
fueling stop at Dover AFB or McGuire AFB. However, one, or both, of
these stops can be eliminated for some APOEs (e.g., Griffiss AFB or
Patuxent River NAS) and in the present analysis they were. A more
interesting example is Campbell Army Airfield and the 101st Airmobile
Division. Campbell is about 4000 n mi from Frankfurt and, as such,
beyond the radius capability of the chemical-fueled VLAs at their
design payload. However, as we discuss later in this appendix, the
average payloads for an airmobile division are quite small because of
the bulkiness of the equipment. With the reduced payload, the VLA-JP
can fly a radius mission at Campbell AAF to Frankfurt and was allowed
to do so in the simulation. On the other hand, the VLA-LH2 still re-quires the outbound refueling stop at Dover AFB. In all instances,
of course, the nuclear-powered airplanes fly nonstop legs from the
APOE to the APOD.

-'i~ -s - -.....- =-
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off-loading). For radius missions and the NATO range mission (in which

the first leg of the return flight for the chemical-fueled airplanes
... was assumed to be from Frankfurt to Mildenhall lRAF--only about 500 n mi),

the APOD ground time was reduced to one hour.

The total cycle time is the sum of the flight times for each of

the mission legs plus the sum of the ground times as determined above.
Note that this approach implicitly assumes perfect organization, at I
both APOE and APOD, on the part of the units being airlifted. Further-

more, problems relating to ground traffic control and dispersal of

units from the APOD are not included. I
The reader should also be aware that determining the cycle times

is strongly dependent on the selection of the mission legs. Our ap-

proach is suboptimal in that it does not involve selecting the best
mission leg from among all possible mission legs. For example, some

refueling stops might be eliminated for some sorties if payload were

reduced slightly. Under such circumstances, modestly increased flow

rates (i.e., tons per day) might be possible. Nonetheless, we believe
! . our results are representative of how the missions might be planned

under actual operational conditions.

Average Payloads

Average aircraft payloads are very much dependent on what type

of Army unit is being deployed. For example, the many tanks in an

armored division yield substantially heavier average payloads than

the bulky but relatively light helicopters of an airmobile division.

In the former instance, payloads are generally weight-limited; in the

latter, they will tend to be volume-limited. Below we describe the

extrapolated approximation we used for estimating average payloads;

we then provide a more refined loading-simulation approach for com-

parisou with our approach.

Extrapolated Approximation. Maximum average payloads for the

C-5A and C-141A in terms of the type of Army unit being carri-, aro

shown in Table F-2. For each case, the payload is expressed as the

tons of equipment plus the number of troops that can be accommodated.

The average payloads listed in Table F-2 are maximums since they
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are strictly valid only on flight legs on which the maximum allowable

cabin loads (ACL) can be carried. For longer flight legs, a reduced

ACL will generally reduce the average payload.

We approximated the average payload for the C-141S (i.e., a

stretched C-141A) by increasing the payloads listed for the C-141A

by the percentage increase in floor area provided by the stretch modi-

fication--about 30 percent [2]. The number of troops accommodated was

similarly increased. Much of the motivation for the stretch can be

inferred from Table F-2. Note the large discrepancy between the

C-141A's maximum ACL and its average payloads.

Maximum average payloads for the very large airplane alternatives

were approximated using the same technique. In this instance, the

average payloads were extrapolated from those of the C-5A. Results

for the design-point VLAs are shown in Table F-3. The usable floor

Table F-3

MAXIMUM AVERAGE PAYLOADS FOR THE
DESIGN-POINT VERY LARGE AIRPLANES

(Tons of equipment and number of 300-lb troops)

Unit Type Equipment Troops

Armored ................... 216.7 70
Mechanized infantry ....... 214.1 80
Infantry ................... 169.6 89
Airborne .................. 116.0 135
Airmobile ................. 63.3 150
Average for ISIs .......... 153.4 150

SOURCE: Derived from Table F-2.

area of the C-5A is about 2607 -sq ft, that of the VLA-JP about 5500

sq ft. Therefore, the maximum average payloads for the VIA-JP was

assumed to be greater than that of the C-5A by a factor of 2.11. Since

all of the design-point VLAs have the same cargo compartment floor areas,

their average payloads are identical.a

aNo penalty was included to account for the split cargo compartment

of the nuclear airplanes and the way this might reduce load capacity.

o. -I ' " i . . ..... ° i ... . - . . . ...|. . .. .. . . . . . . . = .. . . " ' .. . . ..
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Corresponding maximum average payloads for the excursion alter-
natives are given in Table F-4. Note that we have assumed identical

characteristics for the C-5A and C-5B.

Table F-4

MAXIMUM AVERAGE PAYLOADS FOR THE EXCURSION-CASE AIRPLANES
(Tons of equipment and number of 300-lb troops)

C-5B VLA-LH2* VLA-NUC*

Unit Euip- Equip- j Equip-
Un tType q i _ T o p 

A
men Troops ment Troops ment Troops

Armored I 102.7 33 260.0 84 122.1 39
Mechanized I

infantry 101.5 41 25?.0 104 120.7 49
Infantry 80.4 42 203.5 106 95.1; 50Airborne 55.0 64 139.2 j 162 65.4 76Airmobile 30.0 71 76.0 I 175 35.7 71

_ _Av e r a g e o, _ _
ISIs 72.7 I 73 184.1 175 86.4 87

SOURCE: Derived from Table F-2.

The astute reader may now be aware of a possible anomaly in our
approach. Note that the C-5A's maximum average payload (equipment
plus troops) is equal to the maximum ACL in the case of the armored
and mechanized divisions. Maximum ACLs for the VLAs (corresponding
to the maximum average payloads presented in Tables F-3 and F-4) are
listed in Table F-5. One could successfully argue that the maximum
average payload for the VLAs should also be equal to the maximum ACL
when carrying either armored or mechanized units. That we have chosen
not to do so is one of the numerous small biases in our analysis that
favor the cryogenic (in this case, only liquid hydrogen) and nuclear-
fueled airplanes. That is, for a range mission of 3600 n mi, the
latter argument would suggest a greater capability for the VLA-JP and
VLA-LCH4 because of their larger ACLs for this distance, as shown in
Table F-5. The rationale for including such biases is discussed in

Section IX.
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Table F-5

MAXIMUM ALLOWABLE CABIN LOADS (ACL) USED IN

DETERMINING MAXIMUM AVERAGE PAYLOADS
(Tons)

ACL for
Mxmuma 3600 n mi

Aircraft ACL Range Mission

VLA-JP .... 275.0 275.0
VLA-LCH4 .......... 275.0 275.0
VLA-LI!2 ........... 275.0 215.0bb
VLA-NUC .......... 240.0 240.0
C-5B .............. 118.5 85.0

VLA-LH2* .......... 275.0 267.5b
VLA-NUC* .......... 162.5 162.5

SOURCE: Table 6 in Section IV and Appendix C.
aAs discussed in Appendix C, substantial dif-

ferences exist in the range capabilities of the
alternatives when carrying the maximum ACL.

bCapable of essentially unlimntted range.

Of course, the average payloads presented in Tables F-2, F-3,

and F-4 are strictly valid only when the wind-adjusted critical leg

of the mission is such that the maximum allowable cabin load can be

carried. However, in the present work we have made the following

assumptions. If the ACL for the wind-adjusted critical leg is greater

than the maximum average payload (for the maximum ACL), then the aver-

age payload (equipment plus troops) is assumed to be equal to the maxi-

r mum, as given in Tables F-2, F-3, and F-4. If the ACL is less than the

maximum average payload, the average equipment payload for a given air-

plane and division type is given by

F- ACL (F-2a)
0. 15N

P~max
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and

_ - (F-2b)

\pma

where

P - average equipment payload (tons)

SN- number of 300-lb troops accompanying P

ACL - allowable cabin load (tons)

N - number of 300-lb troops included in maximummax
max average payload

P - maximum average payload, equipment only (tons)
max

For each aircraft and unit type, P and N are given by Tables F-2,
max max

F-3, and F-4. Note that Equations F-2a and b yield average payloads

equal to the ACL. The accuracy of this approach will be discussed

when we compare this procedure with the more refined approaches for

Rdetermining average payloads.

First, however, our treatment of the troop movement needs some

:clarification. As shown in Table F-2, USAF practice is to deploy

some troops along with the unit equipment. (At the least, drivers1of wheeled and tracked vehicles should accompany the loads.) Troops

not ;eployed with the unit equipment are generally assumed to be de-

ployed by CRAF passerger aircraft.

Table F-6 lists the troop totals for each of the divisions. The

-areful reader will have observed that, for each unit-type, the number

of troops included in the average payload is constant per ton of equip-
a

ment for all aircraft under consideration. Thus, deploying the given

unit's equipment implies that a fixed number of troops will also be

deployed. The number of troops so deployed are shown in Table F-6.

The remaining troops (also shown) are assumed to be deployed by CRAF.

Not surprisingly, the major CRAF passenger requirement is associated

with the pre-positioned divisions. Of course, in our effectiveness

aThe only exceptions are both C-141 models, which have been in-

cluded for illustrative purposes only.
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Table F-6

ASSOCIATED TROOP DEPLOYMENT

Troops Troops
Total Deployed Deployed

Troops with by
Unit [54] Equipment CRAF

1st Mechanized Infantry 10,994 1,215 9,779
2 Armored 16,790 2,053 14,737
4th Mechanized Infantry 16,491 2,702 13,789

ISI 50,890 50,890 -

TRICAP 16,491 14,516 1,975
ISI 14,359 14,359 -

82d Airborne 14,128 11,779 2,349
ISI 16,972 16,972 --

9th Infantry 16,690 14,044 2,646
ISI 15,293 15,293 -

25th Infantry 16,690 14,044 2,646
ISI 11,450 11,450 -

101st Airmobile 17,732 17,732 -

r ISl 11,406 11,406 _

Totals 246,376 198,455 47,921

metric as defined in Section VII, only the weight of the troops de-
a

ployed with the equipment is included.

Comparison with Loading-Simulaton Models. Much more sophisti-

cated approaches exist for determining the average aircraft loading as

aExactly how these troops are accommodated on each of the alter-

native airplanes has not been explicitly addressed. The C-5A, of
course, provides a troop compartment above the cargo compartment.
When carrying troops in a C-141A, current practice is to load a spe-
cial pallet equipped with troop seats. The VIA-JP could include an
upper troop compartment similar to the C-5's (see Appendix A). The
matter is more complex, however, for the other VLAs. The cryogenic-
fueled airplanes utilize the area above the cargo compartment for
fuel tanks; careful design might allow enough space forward of the
tanks for a troop compartment. If not, then palletized seats would
have to be employed (with a corresponding potential reduction in aver-
ate equipment payloads). The nuclear airplanes, as configured in this
study, could provide a crew compartment Just aft of the flight deck;
such a compartment would be similar to the upper lounge of a 747 (see
Appendix A).

L
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a function of allowable cabin load (i.e., the average payload func-

tion). These consist of a computer simulation of the loading of each

piece of unit equipment aboard the airplane. By repeating the simula-

tion for a series of allowable cabin loads, an average payload func-

tion can be generated.

Illustrative average payload functions for the design-point VLAs

are presented in Fig. F-1. Two division types--armored and airmobile--

600 Extrpoloted approximation - -

---- Rand loading model

0 ------ Lockheed loading model

400 -Armored 
division

Average
paylood 300

(1000 lb)

200

100 Airmobile division

00 100 200 300 400 500 600 700

Allowable cabin load (1000 Ib)

Fig. F-I -Illustrative average loading functions for the design-poin:

VIA crgo compartments :

j- -

|i
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have been examined; they represent the extremes of average equipment

densities. One set of functions is based on a loading model developed

at Rand several years ago [621. The other set has been generated by

Lockheed-Georgiaa using their loading model. Also represented are

the approximations we used in our analysis and have just dscribed.

A careful examination of Fig. F-1 reveals a significant dif-

ference in the functions as determined by the two loading simulation

models. This is probably inevitable, given the complexity of the

simulation process. Note that our extrapolated approximations usually

provide average payloads that are less than or equal to those deter-

mined by the loading models. For this reason, our results on the

effectiveness of the VLAs in the strategic airlift role can probably

be regarded as conservative.

Had computer-generated average loading functions as shown in

Fig. F-1 been utilized, the effect would have been most beneficial to

f the VLA-JP and VLA-LCH4 alternatives. With the Rand model, for ex-

ample, the VLA-JP average payload when carrying an armored division

on a 3600 n mi range mission is about 463,000 lb. On the same mission,

the average payload for the VLA-LH2 is only 388,000 lb and for the

VLA-NUC about 420,000 lb (see Table F-5). Thus, the extrapolated

approximation provides average payloads that are much less biased in

favor of the VLA-JP. This is consistent with the general policy we

have followed throughout this analysis.

In summary, we feel that somewhat more realistic effectiveness

results could have been obtained by employing a loading simulation

model. We seriously doubt, however, that such an airoach would have

been worth the substantial cost of running the simulation models--at

least, for the purposes of the present analysis.

Operational Readiness Rate

An additional factor that must be included in the deployment

analysis is the operational readiness of the available UE aircraft.

The official definition of operation readiness (OR) [431 is

aThe authors are grateful to Messrs. R. L. Rodgers and D. R.

Scarbrough of the Lockheed-Georgia Co. for having provided these
examples.
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OR tUE - ms + tmu + ts)~t tUE

where

tUE - base hours possessed (as a UE aircraft)

t - base hours in scheduled maintenance
ms
t - base hours in unscheduled maintenancemu
ts - base hours awaiting spares, etc.

In our deployment analyses, we have assumed that if an airplane is

operationally ready, it is either flying or being loaded, off-loaded,

or refueled.

Conceptually, the time required by a given fleet of aircraft to

deploy a given unit from a single APOE to an APOD is given by

D- 0(R (F-4)Ft 1W

where (O (NUE)I
T - deployment time (days)

tc - cycle time (hours)

WD - total unit weight (tons)

NUE - number of UE aircraft

'F - average equipment payload (tons), see Eq. F-2a.

That is, including the OR rate has the effect of converting the opera-

tional cycle time into the time actually required (i.e., including

maintenance, etc.) for the cycle.

As mentioned previously, the deployment model exercised in the

present analysis is a modification of one developed recently by

Higgins [60). It is designed to perform the tedious bookkeeping

associated with the deployment of approximately 100 unit type/APOE

pairs (Table F-I). Equation F-4 is the heart of this model.

One additional feature of the model is its ability co limit the

number of aircraft being loaded at any given time. In our work, we

assumed that no more than six aircraft could simultaneously be in

the loading process at a single APOE.
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The original deployment model is fully documented in Ref. 61.

Most of our changes facilitate using the model for different scenar-

ios (i.e., automating much of the input requirements). In addition,

either the desired UTE rate or OR rate can be specified a priori

(with the other being determined by the model). Alternatively, the

desired closure time can be input; in this case the necessary OR

rate is determined.

Determining the Tanker/Airlifter Mix

To complete the description of our approach to the strategic

airlift analysis, we explain below how the split was made between

tankers and airlifters (when tankers are necessitated by mission

requirements). If the number of UE airlifters (NA) are known, then

the tanker requirement can be estimated (for buddy mission refuel-

ings) by

' /2N + 2.42)S (F-5) i

T 24(ORT) 11 (-5

where
N T  number of tankers required to support
SN airlifters

A
ORT - tanker operational readiness rate

Dt - distance from base to fuel transferpoint (n mi)

V - tanker cruise speed (kn)
c
S - sorties per day being flown by the

NA airlifters

Under rendezvous mission rules, the number of tankers is

1 (2D + 2',
NT 2- 2.42 S (F-6)

The second term in brackets in both equations includes taxiing and

- .. *climbout times; the parameter "200" in Equation F-6 is a loiter-time

allowance at the rendezvous point.



304

If some total number of UE (NuE) must be split between tankers

and airlifters, then Equations F-5 and/or F-6 must be used to calcu-

late the tanker requirement (NT), assuming first, that all NUE air-

craft are airlifters. Then, the split is determined by

1+ N

and

NT  N UE - NA  (F-8)

Equations F-5 through F-8 have been employed in determining the tanker

'1 requirements for each of the airlift mission scenarios. In all in-

stances, the tanker OR rate was assumed to be equal to that of the

airlifters.

Implicit in Equations F-6 through F-8 is a "perfect scheduling"

assumption. That is, Equations F-5 and F-6 presume that when the

tanker is operationally ready, it is either flying, taxiing, or being

refueled. Thus, no time is allotted for the tanker to wait for the

incoming airlifter. Stated another way, we have assumed that when

an airlifter is ready to take off with a buddy tanker or .s preparing

to rendezvous with one, a tanker is available.

Since all of the chemical-fueled alternatives require tanker

support in some scenarios, the importance of this assumption should

be minimized relatively. Obviously, however, if such perfect sched-

uling (or near perfect) is a practical impossibility, some advantage

will accrue to the nuclear airplanes in those missions where tankers

are required by the other alternatives. We believe this advantage

would be insufficient to enhance substantially the relative attrac-

tiveness of the nuclear airplanes, as depicted in Table 21 (Section VII).

COMPLETE MISSION ANALYSIS RESULTS

For completeness, detailed results for each of the six deploy-

ment mission scenarios are presented below.

j~71
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NATO Scenarios

Table F-7a displays detailed results for the NATO-range-mission

scenario; NATO-radius-mission results, previously given in Table 20,

are repeated as Table F-7b. (For a description of the meaning of

the entries in Table 20, see Section VII.)

Several interesting observations emerge from a comparison of the

NATO range and radius-mission results. Note first that none of the

alternatives requires tanker support for the range mission; the C-5B

and the enhanced MAC fleet do require tankers for the radius mission.

Not surprisingly, the C-5B suffers a substantial loss of capability

(in terms of closure days) when 63 of the available 225 UE must serve

in the tanker role (Table F-7b).

When the closure days of the VLA alternatives for the range and

radius missions are compared, the result may at first seem counter-

intuitive. As one would expect, the VLA-JP can deploy the Army some-

what more rapidly when flying range missions. But the closure times

turn out to be the same for the VLA-LCH4 , and the VLA-LH2 actually

requires longer to close under range mission conditions. There are

two reasons for this phenomenon. When traveling between APOEs in
eastern CONUS and the APOD, the VLA-JP can often fly a direct range

mission from the APOE. We have assumed, however, that liquid methane

and/or liquid hydrogen is available only at certain bases (see Fig. 22);

thus, both the VLA-LCH4 and VLA-LI12 must occasionally make extra re-

fueling stops. (Note the somewhat lower UTE rates, i.e., flying hours

per day, that result.) Because of the range-payload characteristics

of the VLA-LH2, its performance is particularly affected in this re-

gard. The VLA-LH2 can carry an armored division's maximum average

payload (454,400 lb) only about 3000 n mi on a range mission. Corre-

sponding performance for the VLA-JP is approximately 5200 n mi and about

the same for the VLA-LCH4 (see Appendix C).

A comparison of the closure times for the nuclear airplanes in-

dicates equally unexpected results.a  Only two differences exist

-" aRemember that all closure times shown for the nuclear airplanes

presume that these aircraft are permitted to overfly the United States
with the reactor in operation.
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between the range and radius profiles of the nuclear airplanes: (1)

the maximum ACL is increased for the range mission (as described in

Section IV) and (2) the ground time at the APOD is increased from

one to three hours, as noted earlier in this appendix. The results

shown in Tables F-7a and b indicate that the decrease in UTE rate

caused by increased turnaround time offsets any advantage provided by

the slightly larger ACLs for the range mission. These same phenomena

also affect the relative closure times of the chemical-fueled VLAs on

the range and radius missions.a Note that in the range mission sce-

narios the VLA-NUC even shows a positive fuel balance (i.e., more fuel

is delivered than is required for the return leg). Remember, of course,

that the nuclear airplanes skip the refueling stop at Mildenhall RAF.k Also note in Table F-7a that despite the C-5B's being the most

attractive alternative in terms of cost-effectiveness, it does re-

quire almost twice as much fuel for the return leg as do the chemical-

fueled VLAs. Finally, the total number of sorties flown by the VLAs

is substantially smaller in all cases; this may have some positive

effect on air-traffic control problems.

Middle East Missions

Similar detailed results for the Middle East scenarios are pre-

sented'in Tables F-8a and b. For these cases, substantial differences

exist between the range and radius mission closure times--at least,1for the chemical-fueled airplanes--because of the number of available
UE that must serve as tankers.

Observe that the only difference for the enhanced MAC fleet is

the number of KC-135As employed. Fc. the radius mission, both the

enhanced MAC fleet and C-5B cases require that a significant amount

of fuel be removed from the APOD. As noted earlier, such an extreme

radius mission is beyond the reasonable capability of the contemporary

airplanes.

aIn actual operation, if such phenomena were observed the hydro-

gen and nuclear-fueled airplanes would obviously always fly radius
missions to NATO--regardless of the fuel supply situation at the APOD.
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The Middle East radius mission is the situation in which the

nuclear airplanes appear most attractive. Their closure times are

about half those of the chemical-fueled VLAs. (Despite this enormous

advantage in effectivene-s, the VLA-NUC is only 13 percent more cost-

effective than the VLA-JP.) Observe also the very high UTE rates the

nuclear airplanes are able to maintain in the radius mission scenario.

Far East Missions

Tables F-9a and b provide the results for the Far East airlift

scenarios. For the range mission, all airplanes are permitted to

make refueling stops at Andersen AFB as well as Hickam AFB, if doing

so reduces closure time. In the radius rission scenario, the stop at

Hickam can be eliminated except for the C-5B. All chemical-fueled

airplanes then fly radius missions from Andersen to the APOD; the

nuclear airplanes, of course, fly radius missions from the APOE to

the APOD.

As in the NATO scenarios, all VLAs can deploy the Army units

either in the same time or somewhat faster when flying radius mis-
a

sions, and the explanations for this are the same.

Table F-9a also shows that, despite its favorable cost-effective-

ness, the C-5B requires a significant amount of fuel at the APOD for

the return leg. All of the VLAs have sufficient excess capacity to

yield a positive fuel balance at the APOD.

Interestingly, the nuclear airplanes do not appear particularly

attractive in these scenarios, even though extreme flight distances

are required. This is a demonstration of the importance of en route

refueling stops. Although the flight distances here are considerably

greater than in Middle East missions, the chemical-fueled alternatives

can stop en route for fuel with only modest penalties in closure

time, and the nuclear airplanes prove to be relatively less cost-

effective.

aWe should note that the closure times for the VLA on zhe range
missions (particularly the VLA-JP and VLA-LCH4 ) would have been in-
proved if we had incorporated in the analysis the more optimistic
view of their maximum average payloads that we discussed earlier in
this appendix.
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Appendix G

DETAILS OF THE STATION-KEEPING MISSION ANALYSIS

Additional aspects of our analytical aporoach to the station-

keeping missions are presented in this appendix. Estimates of life-

cycle costs and life-cycle energy consumption for the station-keeping

fleets can be generated with the previously described methodology.

The main thrust of this appendix is to give a more detailed explana-

tion of how the mission effectiveness parameters were developed.

For completeness, detailed results for each of the station radii

highlighted in Section VIII are included-for both the 12-hr and 324-hr

minimum time-on-station cases.

MISSION EFFECTIVENESS

Because of their obviously divergent performance attributes, mis-
sion effectiveness is determined in wholly different ways for the

chemical-fueled airplanes and the nuclear airplanes; they will, in con-

sequence, be discussed separately.

Chemical-Fueled Airplanes

The measure of mission effectiveness ascribed to the station-

keeping role is the maximum payload tonnage that c be continuously

maintained on-station by a specified fleet of airplanes. Depending

on the desired station radius and station-keeping duration for each

individual carrier aircraft (i.e., the time-on-station), some fraction

of the fleet will serve as carriers and the remminder provide tanker

support for these carriers. Therefore, the total tonnage maintained

on-station is equal to the specified mission payload and the average

number of UEs on-station at any given moment.

Approach. Our approach is to specify the mission payload, stetion

radius, and minimum time-on-station. The maximum number of UEs that

can be maintained on this station, for a given fleet size and opera-

tional readiness, is then determined by considering six operational
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iflight profiles--with the maximum defined ap the best of these six

ways of performing the mission. The six operational profiles are:

o Operational Profile 1

- Each UE carrier operates without any tanker

support (i.e., all available UE serve as

carriers)

o Operational Profile 2

- The UE carrier flies to the statlon-keeping

point without tanker support

- While on-station, the carrier is periodically

refueled by a tanker under rendezvous rules

- The tanker's fuel off-load corresponds to that

for a radius mission of length equal to the

specified station radius

o Operational Profile 3

. The UE carrier flies to the station-keeping

point without tanker support and is periodi-

cally refueled by a tanker under rendezvous rules

- The carrier's tanker receives an outbound in-flight

refueling (buddy rules) from another tanker

o Operational Profile 4
- The UE carrier receives a buddy in-flight refueling

on its outbound flight to the station-keeping pcint

- While on-station, the carrier is periodically

refueled by a tanker which has received an out-

bound refueling from another tanker

o Operational Profile 5

- The UE carrier receives an outbound refueling en

route to the station-keeping point and is periodi-
cally refueled by a tankeraI

O~f course, all six profiles are seldom applicable~ to a particular
station radius/time-on-station combination. Those not applicable to
a given situation are discarded out of hand.

i{ 

I i
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- The carrier's tanker receives an outbound

in-flight refueling and an inbound refueling

(rendezvous rules) from other tankers

o Operational Profile 6

- The UE carrier receives an outbound refueling

en route to the station-keeping point- while

on-station, the carrier is refueled by a tanker

which receives outbound and inbound refuelings

from other tankers

- The UE carrier receives an in-flight refueling

(rendezvous rules) on its flight from the

ctation-keeping point to the home base

Still more complex operational profiles could be considered. 11owever,

we believe that their very complexity might preclude their use under

real-world conditions.

In analyzing each of the above operational profiles, two conven-

tions were uniformly applied:

1. All tanker and carrier operations are assumed to

originate and terminate at the same base.

2. While on-station, the carrier's refueling is timed

in such a way that the fuei onboard the carrier is

never less than the amount required to complete the

inbouad leg. (For Profiles 2 through 5, this is

enough fuel to return to base; for Profile 6, it is

sufficient to meet the rendezvous tanker inbound.)a

The second convention can lead to the following situation: For certain

station radii, the fuel required for the inbound leg is s,:ch that the

aThus, the carrier rpceives no additional In-flight refuelings

after the minimum tim.e-on-station is achieved; the carrier then re-
mains on-station until just enough fuel remains to complete the in-
bound leg. The actual time-on-station is therefore determined.
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off-load capability of the tanker is substantially greater than the

available fuel capacity of the carrier. When this occurs, we assume

that the tanker can service as many as three carriers, which are all

presumed to be operating in the same vicinity. To do otherwise would

nenalize, perhaps artificially, the tanker's utility, since this

situation only arises because of the second convention.

The above profiles can be analyzed by extending the methodology

presented in Appendix C. Table G-1 presents the only additional

airplane characteristic required--namely the average fuel consumption

Table G-l

AVERAGE FUEL CONSUMPTION DURING LOITER

MMBtu/hr lb/hr

VLA-JP ............ 738 39,700
VLA-LCH . .. . .. . .. .  795 37,000

VLA-LH2 . . .. . .. . .. .  649 12,600
C-SB ............. 474 25,500
VLA-LH2* .......... 796 15,400

during the loiter phase of the profile. These consumption rates assume

the VLAs are carrying their respective design payloads; the C-5B pay-

load is assumed to be 200,000 lb.

Other operational aspects of the station-keeping analysis are

comparable to the strategic airlift mission analysis. These include

operational readiness (0.58 for both carriers and tankers), ground

refueling time (two hours), and ground operational time (taxiing, etc.

--25 minutes per sortie.) The technique for splitting the fleet between

carriers and tankers (for each station radii/time-on-station pair) is

analogous to that outlined in Appendix F.

Illustrative Example. Figure G-1 illustrates the application of

the above approach in determing the on-station performance of the

VLA-JP. Shown is the payload maintained on-station in terms of sth-

9tion radius for several combinations of specified minimum times-on-

station and individual carrier's mission payload. Several important

insights are provided by this illustration.
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Fig. G-I-llustrative on-station performance of the VLA-JP
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First, compare the effect of different mission payloads when

the minimum time-on-station is fixed. At any station radius, the

larger mission payload case (i.e., 200 tons) provides a significantly

greater effectiveness. In our analysis of the station-keeping mis-

sions, we have assumed that the mission payload for each of the VLAs

is equal to the design payload; for the C-5B, 200,000 lb was specified

as the mission payload. Thus, the average floor loading for each of

the VLAs is constant. This seems appropriate since the makeup of

the payload is unspecified and wou]A most likely be very mission

dependent. The floor loading of the C-5B with a 200,000 lb payload

is somewhat greater; the effectiveness measure for this alternative

might therefore, in a relative sense, be slightly optimistic.

The second important observation about Fig. G-1 concerns the

effect of varying the minimum time-on-station while holding the

mission payload constant. When the 8-hr and 16-hr cases are com-

Spared, a slightly greater capability is always observed for the

longer station-keeping duration. As mentioned previously, this is

because the carriers waste less available operational time flying to

and from the station-keeping point.

Also displayed in Fig. G-1 are the results for the 324-hr minimum

time-on-station carrying the design payload. Note that a relatively

smooth curve can be drawn through the symbols for this case. The

curves for other times-on-station are much less regular. This is a

consequence of our having fixed the mission payload and station radius

and then examining only six distinct operational flight profiles.

Under these circumstances, an increased capability can sometimes be

provided by slightly lengthening the station radius; the improvement

is a consequence of having achieved a more favorable match between

operational profile and the specified mission payload. Relaxation of

tht. aforementioned two conventions would subdue such irregularities.

Our determination of the capability of each alternative (e.g., as in

Tables G-2, etc.) at each of the five selected station radii is con-

sequently derived from a smoothly faired curve which encompasses the
upper-bound envelope of the set of distinct effectiveness estimates
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for the specified minimum time-on-station. See Fig. 24 in Section

VIII, for example.

Nuclear Airplanes

The determination of station-keeping mission effectiveness for

the nuclear airplanes is considerably more straightforward since only

Operational Profile 1 need be considered. Furthermore, for a specified

time-on-station and station radius, the average number of UE on-station

is invariant for any mission payload between the design and maximum

I : values (the mission payload being determined by the emergency recovery

range desired). Indeed, the number of UE aircraft on-station is given

simply by

=OR )N (G-l)
N OR 2(Rs/V) + 2.42 + TN

where

N - Average number of UE on-station
5

OR - Operational readiness rate (0.58)

T -Time-on-station (hours)S

R -Station radius (n mi)SV - Cruise speed (knots)

A - Number of UE available

*Note that because the nuclear airplanes are not affected by the afore-

mentioned in-flight refueling convention, the actual time-on-station

can be specified.

The total tonnage maintained on-station is the product of the

average number of UE on-station and the mission payloads for the

individual aircraft. Threughout this analysis, the mission payloads

for both nuclear airplanes have been assumed to be their design pay-

loads. Thus, the average floor loadings in the station-keeping mis-

sions for the chemical-fueled and nuclear-fueled VLAs is approximately

constant. Under theae circumstances, the VLA-NUC and VLA-NUC* aircraft

could carry sufficient JP on board to provide a 1250 n mi emerg.ncy

recovery range (see Appendix A).

.4
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Of course, if both nuclear airplanes carried their maximum pay-

loods, they would retain an emergency recovery range of only about

850 n mi. If this recovery range were deemed acceptable, mission

effectiveness would be correspondingly enhanced. However, as we

observed in Fig. G-1, the effectiveness of the chemical airplanes

also increases with increases in mission payload. As a consequence,

the comparison results presented in Section VI will be qualitatively

similar if mission payloads for all of the VLAs are increased in such
aa way that the average floor loadings are held constant. Finally,

we again note that no penalty has been assessed against the nuclear

alternatives because of their split cargo compartments, even though

this could be a significant consideration in actual operations.

To complete our discussion of the nuclear airplanes, we should

mention their fuel consumption during loiter (for comparison with
Table G-1). The VLA-NUC's is 1830 MMBtu/hr (nuclear fuel only), the

f

VLA-NUC*'s 1330 MMBtu/hr.

COMPLETE MISSION ANALYSIS RESULTS

The following tables complement the detailed results of the

station-keeping mission analysis presented in Section VIII. The mis-

sion parameters represented in each table are

Station Minimum
Radius Time-on-Station

Table G-2a 0 12 hr
Table G-2b 0 324 hr
Table 22 1500 n mi 12 hr
Table 23 1500 n mi 324 hr
Table G-3a 3000 n mi 12 hr
Table G-3b 3000 n mi 324 hr
Table G-4a 4500 1 mi 12 hr
Table G-4b 4500 n ml 324 hr
Table G-5a 6000 n mi 12 hr
Table G-5b 6000 n mi 324 hr

aKeeping the average floor loadings constant appears to us to be
the only reasorable way to make such comparisons.

A - - - -- - -- --- - =--,- --± .- -=- -- --- -. --. -- --- --- - ~ - - - - -
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The reader is referred to Section VIII for a discussion of line entries

in these tables.

Several interesting observations can be made about Tables G-2

through G-5. For example, the superior performance characteristics

of the hydrogen-f'ueled airplanes with in-flight refueling is reflected

in the larger fraction of available aircraft able to serve as carriers.

This effect is accentuated as the station radius is increased. Despit-

this performance advantage, neither the VLA-LH2 nor VLA-LH2* alternatives

is particularly attractive; this is because the two airplanes have sub-

stantial O&S costs--attributable largely to the unit energy -osts of

liquid hydrogen.

Also interesting is a comparison of the costs of the VLA-JP and

VLA-NUC alternatives. Note that the nuclear airplanes' acquisition

costs are almost three times greater than the VLA-JP's. Perhaps sur-

prisingly, the O&S costs are also larger for the VLA-NUC (see Appen-

dixes D and E).

Finally, we should note that the C-5B might be able to fly the

6000 n mi station radius mission (Tables G-5a and b) if more complex

operational flight profiles had been considered. Almost certainly,

though, the C-5B would not be attractive in terms of cost-effective-

ness or energy-effectiveness for such extreme station radii.

tI

N
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Appendix H

SOME AUXILIARY ISSUES
...

Auxiliary issues examined in this appendix have been classified

as either military-related or public-policy-related. The latter cate-

gory includes considerations which may have little bearing on the mil-

itary worth of the weapon system but which could greatly affect the

public's perception of the acceptability of the system. We shall first

discuss relevant issues in each classificaticn and then present a

summary comparison which displays the relative attractiveness of all

seven alternatives for each issue examined.

MILITARY-RELATED ISSUES

We have identified seven issues which bear on the military utility

of very large airplanes. These are

o Technical risk

o Basing flexibility

o Routing flexibility

o In-flight vulnerability

o Pre-launch survivability

o Development potential

o Crew safety

Most of the seven are of concern to both the strategic airlift and the

station-keeping applications. When an issue is of particular importance

to a specific type of mission, we shall so note.

Technical Risk

Technical risk is important since the time frame in which each of

the alternatives might be available depends on the research and develop-

ment effort it requires. In addition, alternatives that embody substan-

tial technical risk are especially likely to encounter unforeseen costs

as the development program proceeds.
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Without doubt, the nuclear-powered airplanes represent the highest-

risk alternatives. Much of the risk is concentrated in the very sig-

nificant research and development required by the nuclear reactor sys-

tem (including heat exchangers) (10,25,111]. Indeed, a recent review

of the state of the art of lightweight nuclear reactor technology has

indicated that a clear choice between the two most promising reactor

concepts (liquid-metal reactors, of the type employed in our analysis,

and gas-cooled reactors) is not at present possible [112]. The risk is

further accentuated by nuclear airplanes' having much larger gross

weights than other VLAs; concomitant with these larger gross weights

is the implication that the nuclear airplanes will require more ad-

vanced airframe technology [23].

Conversely, the C-5B is clearly the least risky alternative. Fur-

thermore, if the wing modification of the existing C-5A fleet proceeds

as scheduled [49], the technical risk associated with C-5B acquisition

would be still further reduced. (Modified versions of other contempo-

rary airplanes would probably have similar attributes in this regard.)

In our view, the JP- and cryogenic-fueled alternatives represent

comparable levels of technical risk. Several major airframe manufac-

turers have recently developed conceptual designs for liquid-hydrogen-

fueled aircraft [63,113,114], some of which are fairly detailed [21,115].

The consensus appears to be that the principal technical impediment to

LH2 as a fuel is the development of the cryogenic-fuel subsystem. Such

problems, which ..e largely associated with identifying suitable insula-

tion (for on-board storage tanks, etc.), seem solvable through advanced

development.

These difficulties with the liquid-hydrogen alternatives could be

largely balanced by the VLA-JP's greater maximum gross weight. Finally,

although the VLA-LCH 4 is comparable to the VLA-JP in gross weight, its

fuel subsystem should present less of a problem than the VLA-LHZ's be-

cause liquid methane has more favorable cryogenic properties.

Basing Flexibility

This issue is included to reflect the compatibility of each alter-

" native with existing airfields. (It is of primary interest to the
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airlift application; most station-keeping missions can presume the

use of specialized fields, if they are required.) The cryogenic-

fueled airplanes and the nuclear airplanes are probably the most in-

flexible in this regard--but for different reasons. The cryogenic-

fueled airplanes require specialized ground refueling facilities and

we believe it imprudent to assume that such facilities would be widely

available throughout the world by the end of the century. This would

be particularly true if the USAF were the only operator of cryogenic-

fueled airplanes; if liquid hydrogen came into widespread use for

commercial aviation, the situation would be improved [40,41]--but we

think this unlikely.

Nuclear airplanes, on the other hand, may be prohibited from

operating above most land masses with their reactors in operation.

Such a restriction could lead to their being based solely in coastal

areas, and this would greatly limit their flexibility. Even if land

C overflights were permitted, however, the extreme gross weights of the

nuclear-powered alternatives might preclude the use of many existing

airfields (depending, of course, on the alighting system employed).

The C-5B would be the most flexible in terms of the number of

suitable airfields available to it. This alternative would probably

be the least objectional in terms of landing gear footprint pressure

and certainly imposes the least total burden on the runway's ultimate

canacity.

We think the VLA-JP is less attractive--though only slightly less

attractive--than the C-SB in this regard because of its greater maximum

gross weight and physical dimensions. Its dimensions could restrict (or

hamper) its use at some fields because of interference with existing

surface structures or incompatibility with taxiways, etc.

Routing Flexibility

Another operational consideration concerns flexibility in route

selection. Here, we are primarily interested in the airplane's ability

to fly routes that are compatible with restrictions on overflight rights.

Such restrictions could either be politically imposed, as in the 1973

Middle East war (see Section 1), or arise from a desire to avoid particu-

larly high-threat areas.
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The nuclear airplanes, because of their essentially unlimited

range capability, appear to be the most flexible. They could operate

without the benefit of any overseas refueling bases and they eliminate

the need that the other alternatives have for at least one base in tile

Western Pacific (as discussed in Sections VII and VIII). Furthermore,

they could be easily routed to avoid territory where overflight re-

strictions might be imposed and yet incur no performance penalty (i.e.,

reduced payload) in so doing.

The cryogenic-fueled airplanes represent the other extreme--for

two reasons. First, as mentioned in the discussion of basing flexi-

bility, the planning of their operations must always be cognizant of

which bases can be used for ground refueling. More importantly, per-

haps, is the marked loss in payload capability that might occur for

the liquid-hydrogen and liquid-methane alternatives if the mission

leg is slightly lengthened to avoid overflights. For example, if the

flight distance were increased from 6000 n mi to 7000 n mi, the pay-

load capability would be reduced by about 36 percent for both the

VLA-LH2 and the VLA-LCH4 ; the corresponding VLA-JP payload reduction

is only about 18 percent (see Fig. 10). Because of its substantially

inferior range capability, we feel that the C-5B should also be con-

sidered unattractive in terms of routing flexibility.

The VLA-JP has middling characteristics in this regard. It is

clearly superior to the cryogenic alternatives and the C-SB, but it

cannot approach the inherent routing flexibility of the nuclear air-

planes.

In- Flight Vulnerability

In-flight vulnerability involves the airplane's susceptibility to

hostile actions. Included are the ability of the airplane to avoid

detection and to sustain battle damage.

From an overall viewpoint, we feel that the cryogenic-fueled air-

planes would be the most vulnerable. They have the largest radar

cross-sections--particularly the LH2-fueled alternatives. However, the

combustion characteristics of hydrogen-burning engines might signifi-

cantly reduce the engine's infrared signature [116,117] and probably
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make the cryogenic-fueled airplanes no easier to detect than the

Iother VLAs.
In our view, however, the Achilles' heels of the cryogenic-

fueled airplane is the vulnerability of its fuel tanks.a A recent

study [118] concluded that an LH2 aircraft's vulnerability is greater

than that of a JP-fueled airplane because:

o The fuel tanks are required to operate at pressures

above atmospheric pressure.

o A failure of the thermal protection system of the

fuel storage and distribution systems can create

hazards associated with excessive internal pressures

and the formation of liquid air, rich in oxygen.

o Hydrogen is flammable over a wide range of fuel/air

mixtures and can be easily ignited (see Table 3).

This is not to suggest that the explosive detonation of the liquid-

hydrogen is the principal problem. Indeed, the limited available test

data [119] indicate that the penetration of liquid-hydrogen fuel tanks

by incendiary projectiles results in less of an explosive conflagra-
b

tion than that exhibited by tanks containing JP-4. Rather, the vul-

nerability is largely associated with the fuel's thermal-protection

system. Even though recent work has suggested that cryogenic fuel

tanks can be designed to minimize the likelihood of penetration [120,

121], it nonetheless appears to us that the cryogenic fuel system re-

mains significantly more vulnerable than a corresponding JP fuel system.

We have judged the VLA-JP and the nuclear airplanes to have the

most favorable vulnerability characteristics but, again, for different

reasons. The infrared signatures of nuclear airplanes will be

Ia

aThis discussion is mainly based on studies investigating liquid

-. hydrogen as a fuel. Although the corresponding aspects of using liquid
methane will probably be somewhat less troublesome, we believe that the
problems are of comparable magnitudes.

bThe physical properties of JP-8 (Jet-A) are substantially differ-

ent, but JP-8 has not been included in these experiments.
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substantially less than those of the VLA-JP; however, this could be

largely balanced by their greater radar cross section.

We feel that there is very little difference between the nuclear

and VLA-JP airplanes in their ability to withstand battle damage. A

possible exception stems from the location of the engines of the VLA-

NUC and VLA-NUC* (see Appendix A). Conceivably, all eight engines

could be rendered inoperable by a single hit, which, in the case of

the VLA-JP, might disable only one engine. Furthermore, the NaK

coolant would burn on exposure to air, thus increasing the potential

danger from battle damage to the heat exchangers or coolant lines.

These three alternatives have the capability to loiter for

extended periods. However, the VLA-JP's tanker support may be vul-

nerable, since the tanker must fly to the loiterer at high altitudes

(above 25,000 ft) to take full advantage of the VLA-JP performance

capability. On the other hand, the nuclear-powered alternatives are

essentially single-engined airplanes. We feel that the possibility of

reactor shutdown balances the vulnerability of the VLA-JP's tanker

support.

Finally, the C-SB (despite its smaller radar cross section) ap-

pears to us to be slightly inferior to the VLA-JP or the nuclear air-

planes in terms of in-flight vulnerability. This conclusion is based

principally on the lesser range and endurance capabilities of this

contemporary airplane. For the strategic aitiift mission, its limited

range might prevent in-flight rerouting to avoid hostile actions; in

the station-keeping missions, its vulnerability is increased by

the greater amount of tanker support it needs compared to the VLA-JP

(for a given mission profile, the C-SB generally requires more tanker
sorties). Note, however, that the loss of a single C-SB would be of
less importance than the loss of a VLA, since for a given capability

level, many more C-5Bs are required.

Pre-Launch Survivability

Pre-launch survivability is of principal interest in the station-

keeping missions. It refers to the ability of an airplane (usually

= being maintained on a ground-alert status) to taxi, take off, and
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depart the area immediately upon warning that the airbase is under

attack. (These characteristics might also be important if the APOD

in a strategic airlift scenario were attacked.) The figures-of-merit

in this instance are the elapsed time from warning until the aircraft

is a safe distance from the airfield and the nuclear hardness of the

aircraft. If the threat consists of nuclear-armed ballistic missiles)

(particularly sea-launched missiles employing depressed trajectories),

differences in elapsed time of as little as tens of seconds are impor-

tant. We see no reason to suppose that any of the alternatives would

have significantly different nuclear hardness and will therefore con-

centrate on the elapsed time (from warning to escape).

The liquid-hydrogen-fueled alternatives appear to possess the

least suitable pre-launch survivability characteristics. When the

alternative is maintained on a ground-alert status, provisions must

be made for periodic replenishment of the liquid hydrogen that is

inevitably lost due to boil-off. (Whether or not the gaseous hydrogen

is recovered is not impuitant to this issue.) Such added complexity,

even though relatively modest, may be sufficient to increase slightly

the average expected warning-to-escape elapsed time. a Associated

aircraft losses in the event of an attack might be significant.

For the same reason, we believe the VLA-LCH4 would be somewhat

less survivable than the JP- and nuclear-fueled alternatives. However,

the problem should be of lesser magnitude than for the LH2-fueled

alternatives.

The alternatives employing JP for takeoff, climbout, etc. (the
; C-5B, VLA-.JP, and both nuclear airplanes) are thus thought to have a

pre-launch survivability superior to that of the cryogenic-fueled

airplanes. However, we have been unable to identify any differences~b
in these four alternatives.

Note that the taxi, takeoff, and climbout time: should be com-

parable since all alternatives require the same takeoff distance at
maximum gross weight.

bseveral hours would be required to melt the NaK coolant used in

the nuclear airplanes if it were to solidify. However, if the reactor
is operated at full power as infrequently as once per month, the after-
heat should be sufficient to maintain the coolant in a liquid state.



338

Development Potential

With this issue we are attempting to identify which alternatives

would most benefit from unforeseen technological developments. a  In

this instance, the greatest potential for improvement probably accrues

to the nuclear-powered airplanes. Specifically, if, while still main-

taining crash integrity, reactor-system weight (including the contain-

ment vessel) could be substantially reduced as the result of a break-

through, the attractiveness of the nuc.ear airplanes would be enormously

enhanced.

Similarly, the alternatives using liquid hydrogen could be much

more attractive in terms of cost and energy if a breakthrough occurred

in the hydrogen-production process. (An obvious example is coupling

a fusion reactor with a thermochemical watersplitting cycle, but

neither of these technologies has yet been demonstrated on a iaboratory

scale.) We have judged the liquid-hydrogen and nuclear-fueled alter-

natives as comparable in regard to their development potential.

At the other extreme is the C-5B which would benefit little, if at

all, from new technologies.

The remaining alternatives, the VLA-JP and VLA-LCH4 , are thought

to have a development potential between these extremes. (Here we are

assuming that the hydrogen-production process offers a richer menu of

possibilities for advances in technology than the methane- or JP-synthe-

sis processes.)

Observe that the preceding discussion has largely concentrated on

the fuels. Except for the nlready designed C-5B, unforeseen advances

in aircraft technology would tend to benefit to some extent all of

the alternatives, although the VLA-JP is likely to be the greatest bene-

ficiary, as discussed in Section IX.

Crew Safety

The final military-related issue is crew safety-the safety of

ground crews as well as flight crews. Because of the potential dangers

aHow foreseeable developments in technology affect the alterna-

"= tives is explicitly addressed in Section IX.
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from cryogenic fuel spills or leaks (e.g., as the result of the

rupture of fuel tanks or lines), we believe these alternatives pose

the greatest safety hazard. We are less concerned with the possibility

of the liquid cryogen detonating than with the effect of exposure to
a

the low temperatures associated with these fuels in the liquid state.

In addition, liquid hydrogen which vaporizes quickly after exposure to

ambient temperatures could form an explosive hydrogen/air mixture. This

is only likely to occur, however, if the hydrogen gas is allowed to

collect within a confined volume; without confinement, gaseous hydrogen

diffuses rapidly [123].

In terms of crew safety, the C-5B and VLA-JP are thought to be

most attractive. Clearly, they represent the least deviation from

today's practices.

As for the flight crew's safety, the nuclear airplanes, the C-5B,

and the VLA-JP should be comparable. However, the ground handling of

nuclear fuels does pose difficulties not present in the JP cases. But

there should be fewer safety problems with nuclear airplanes than with

the cryogenic-fueled airplanes, since the reactor fuel would be exposed

to ground personnel only infrequently.

PUBLIC-POLICY-RELATED ISSUES

K Numerous auxiliary issue- exist that, heretofore, have not gen-

fterally been considered in the evaluation of alternative weapon systems.I These include:

I. o Public safety

o Air pollution

o Noise pollution

o Energy-resource depletion

o Water-resource depiction

o Land-use impact

aWe should note, however, that no such accidents have ever occurred

at the NASA facilities at Cape Canaveral 11221. Whether such a safety
record could be maintained in routine handling by Air Force ground crews
is an open question.
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An increased perception of the importance of such issues by the public

may require that these aspects be examined more fully in the future.

Each issue is discussed below in the context of the seven alternative

airplanes.

Public Safety

Of all these policy issues, public safety is perhaps the most

important and almost certainly would receive the greatest attention.

Of course, the safety issue surfaces primarily because of the prob-

lems (some real, some imagined) associated with nuclear propulsion for

aircraft. Indeed the importance of this topic has caused us to in-

clude a preliminary exploration of the unique aspects of nuclear-

powered airplanes in Appendix I.

In our view, the most serious safety problem facing nuclear air-

planes is the potential release of harmful radioactive substances as

a result of rupturing the containment vessel in a crash. Based on the

relatively meager information presently available, it appears that the

probability of such a release can be made quite small through the ap-

plication of appropriate design constraints. However, the damage that

could result should this unlikely event occur is enormous. Therefore,

nuclear-powered airplanes are thought to present the greatest potential

public safety problem. (See Appendix I for an extended discussion.)

Perhaps surprisingly, we have judged the cryogenic-fueled airplanes

as most attractive in terms of public safety for the following reasons.

First, we assume that the probability of a crash in a populated area is

the same for all chemical-fueled airplanes; the public safety questions

are thus concerned with post-crash effects. For the liquid-hydrogen

alternatives, fuel spewing from ruptured fuel tanks will quickly vapor-

ize; the gaseous hydrogen (as noted previously) should quickly diffuse.

Thus the possibility of an explosive conflagration is almost nonexistent

[123]. Should the gaseous hydrogen ignite, the flame is of extremely

low emissivity and thip significantly reduces the amount of radiated

heat [120]. All told, the fire damage to the immediate crash area

could be substantially less than from a comparable jet-fuel fire.
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Assessing such dangers for the VLA-LCH4 alternative is less

certain. Methane's greater density causes it to diffuse less rapidly

(124], but it may be less likely to ignite than hydrogen. We assume

these two effects balance each other, and therefore regard the cryo-

genic-fueled airplanes as equivalent in terms of public safety.

The two JP-fueled airplanes are judged to lie between the cryo-

genic and nuclear alternatives.

Air Pollution

Without a doubt, airplanes fueled with liquid hydrogen have the

most favorable air pollution impacts. The absence of carbon eliminates

carbon monoxide and incomplete hydrocarbon combustion products in the

exhaust emissions. Limited experimental data also suggest that emis-

sions of nitrogen oxides will be substantially less than those of a

comparable conventional jet-fuel engine [21,117]. (The maximum ceiling

fof all seven alternatives precludes their water vapor and nitrogen

oxides emissions having any effect on the ozone layer (125].)

Little is known regarding the emission characteristics of methane-

fueled turbine engines. With internal combustion engines, however,

methane results in significantly reduced emissions-particularly of

carbon monoxide and unburned hydrocarbons-compared to gasoline. Thus,

we believe the air pollution characteristics of the VLA-LCH4 would be

superior to those of airplanes using JP but less impressive than those

using LH2.

The C-5B, VLA-JP, and nuclear-powered airplanes will have compar-

able air quality impacts. Including the nuclear airplanes in the same

category as those using conventional jet fuel may seem unwarranted.

However, the principal effects of aircraft emissions occur in the vi-

cinity of the airfield [126,127]. Since the nuclear airplanes take off

and land with the engines operating in the JP-mode (see Appendix A),

they offer no advantage with respect to reduced emissions. Indeed, the

nuclear alternatives may even be somewhat worse since both of them em-

ploy eight engines compared to the six on the VLA-JP.
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Noise Pollution

Assessing the relative noise pollution ranking of the alternatives

is less straightforward. Table H-i presents an illustrative comparison

Table H-1

NOISE COMPARISON OF LH2 AND JP-FUELED AIRPLANES

Noise Levels Area of
(EPNdB)a 90 EPNdB

Aircraft Contour

Design Flyover Sideline Approach (sq mi)

Medium-range
LH2  88.7 86.8 94.5 1.71
jP 90.7 86.8 94.5 1.96

Long-range
LH2  92.7 87.8 96.4 2.72
JP 95.1 88.3 95.4 3.25

SOURCE: Lockheed-California Co. (21].
aEffective perceived noise level.

of the noise characteristics of aircraft fueled with either LH2 or JP

and designed for the same mission. Note that the liquid-hydrogen-

fueled airplanes display a somewhat smaller noise footprint, despite

their higher noise levels on approach. In view of this result, we

feel that the VIA-LH2 would have the most fa%'orable noise character-

istics of all the very large airplane alternatives. However, the C-SB

is substantially lighter and its four engines provide much less total

* •thrust than those of the other VLAs. Hence, we have assumed that the

C-5B (even though representing an older technology) and the VLA-LH2

are comparable in terms of noise.

The noisiest of the seven alternatives would probably be the

VLA-NUC, because of its significantly greater gross weights and total

engine thrust. Also, the bypass ratio of the dual-mode nuclear engines

is only 3.85 compared to 10 for the chemical-fueled VLAs. However,

the resulting increased noise levels could be partially masked from the

- ground by the location of the engines in the nuclear airplanes.

i.



343

The remaining four alternatives all have comparable maximum gross

weights and total thrust levels. Accordingly, we have judged them all

to have intermediate noise impacts, between the VLA-LH2 and the VLA-NUC.

Clearly, such a judgment should only be regarded as a first approxima-

tion. The more detailed analysis required to differentiate among alter-

natives, however, does not seem warranted for our present purposes.

Energy-Resource Depletion

This issue was extensively discussed in Section VI. To summarize

the energy-resource-depletion characteristics of the alternatives, the

VLA-JP, C-SB, and VLA-LCH4 alternatives appeared most attractive. How-

ever, the liquid hydrogen-fueled airplanes were somewhat greater con-

sumers of the available coal resource base. Depending on whether or not

the liquid-metal fast breeder reactor becomes a commercial reality

(within the appropriate time frame), the nuclear airplanes were among

the most attractive or the least attractive alternatives.

Water-Resource Depletion

Evaluating the alternatives' depletion of water resources is

fraught with similar technology-dependent uncertainties. Beyond ques-

tion, the two nuclear airplanes are most attractive in this regard since

the nuclear fuel cycle consumes little water. (Of course, we are assum-

ing that the long-term storage of radioactive wastes is developed to the

point that the leaking of such wastes to the water table would be essen-

tially impossible.)

The supply processes for all of the chemical fuels (when synthesized

from coal), however, consume enormous amounts of water [19]. Indeed,

the water supply problem may be of paramount importance to coal conver-

sion facilities located in the Rocky Mountain west. In our view, the

water-resource depletion potential of all the chemical-fueled airplanes

is equally unattractive. (See Ref. 19 for a fuller discussion.)

The airplanes fueled with liquid hydrogen offer possibilities that

might alleviate the water supply problem. Specifically, if an advanced

thermochemical water splitting process were available for hydrogen pro-

duction, the water resource depletion could be greatly relieved. Of
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course, much of the relief is provided by assuming the production fa-

cility is located near abundant water supplies (possibly even using

sea water). In these circumstances, the LH2 airplanes could be as

benign as their nuclear-powered counterparts with respect to water

resources.

Land-Use Impact

In terms of their land-use implications, we have judged all of

the alternatives co have a middling impact. Mining of the coal for the

chemical fuels--either with strip or deep mining--will have signifi-

cant impacts in terms of the number of acres affected. However, the

reclamation policy as well as the type and location of the mine greatly

influences the duration of this impact [191.

We feel that the land-use consequences of mining could be largely

balanced by the adverse implications associated with lie long-term

storage of high-level radioactive wastes. Conceptuall.,, mining opera-

tions might impact 100,000 acres for 10 years whereas nuclear waste

storage might only impact 10 acres but for 100,000 years. Deciding

which of these hypothetical situations is more onerous is well beyond

the scope of the present work.

SUMMARY COMPARISON

The observations and judgments made in the preceding discussion

are summarized in Table H-2. Here, the relative attractiveness of the

alternatives for each issue is presented using a technique similar to

that employed in our earlier comparisons of cost-effectiveness and

energy-effectiveness. For each issue, the alternatives with the most

attractive attributes, those with the least attractive, and those with

attributes in the middle of the range are indicated. As noted in the

earlier discussion, how the alternatives compare in terms of energy-

or water-resource depletion is dependent on essentially unrelated tech-

nological developments; this uncertainty is so indicated in Table 11-2.

An additional issue, the perceived threat value, has been included

in Table 11-2. By this we attempt to assess the threat which potential
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Table H-2 A

RELATIVE ATTRACTIVENESS OF THE ALTERNATIVES
IN TERMS OF THE AUXILIARY ISSUES

Issue -Tv L -- A- VA- VIA- vIA- VIA-Issue C-5B jP LCH 4  LH2  NUC LH2* NUC*

Technical risk L.__ L__J L- J ....... L J
Basing flexibility L __ J L:11! i... :....: []1"

Routing flexibility ... __ J ......
--- ---- 4-1 .. .

In- flight vulnerability [ -- I ...........

Pre-launch survivability L---.j ... J I'. ....... -- r - - - -7- -1[
Development potential [. _J L_ - J

I- -- [Z Z ] ........ --- ., ... r---,
Crew safety ... .... . ..... L--.J

Public safety L--J El--
Air pollution L J - ......
Noise pollution E l _J *I [J El__ L._

,! ........ r -...-

Energy resource depletion El LIiz _[1 L~ [UZj L .
Water esource depletion .......... .................... : r ..

.............. ...... iI__J; ... ;;.. ..
Nois poluio - - r--1 , J- -- I - ... --- I r--

Land--use impact L _ J L -J L _..... [J L-.J

L-I r r--"

Perceived thrp't value J " __.J r- -' r--L ---J -' -L-

~ Most attractive - I ntermediate ...... Least attractive

enemies would perceive in each of the alternatives. We suggest that a

weapon system should 'e regarded attractive if it would require poten-

tial enemies to consider a significant reallocation of resources in

order to provide an acceptable defense or, alteri.,tively, to neutra;ize

the decerrence value of the weapons system.

It is our belief that the nuclear airplanes would provide the great-

est perceived threat. Their inherent operationol fiexibility (which may

include operating concepts that are not pr.sently apparent) and their

abtity to remain airborne for extremely long periods witht;ut relying

"n ground-based resources would make defense against ,n difficult.

The C-5B, we believe, has the least perceived threat value, since it is

only a derivazive of an airplane that exi-ts today. fhe other very

large airplanes should provide a perceived threat somewhere in the mid-

dle of th.s -ange.

I Af al
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To select the alternative that from an overall viewpoint is most

attractive, one must attach some relative importance to each of the

auxiliary issues. It is our view that it would be difficult to rgue

that any of the alternatives is significantly more attractive than the

VLA-JP. Such a conclusion is particularly strengthened by the cost-

effectiveness and energy-effectiveness characteristics presented earlier.

Before concluding, a comment on the validity of the assessment

summarized in Table H-2 seems appropriate. Two aspects of this analysis

are important--the reasonableness of the judgments made in assessing

each issue and the completeness of the list of issues. We hoped to

minimize misjudgments and omissions from the List by briefing these

study results to a wide variety of organizations both within and out-

side the Air Force.a  Exposing the qualitative assessments to many in-

dividuals with different backgrounds and viewpoints stimulated dialogues

on many of the individual issues. Indeed, this section includes much

that was derived from these dialogues.

Nonetheless we have less confidence in the results discussed in

this appendix than we have in the quantitative comparisons of the alter-

natives presented in the main text.

a
Briefings have been presented at the following headquarters:

Military Airlift Command, Strategic Air Command, Tactical Air Command,
and Systems Command. Other organizations briefed include the USAF
Aeronautical Systems Division, Weapons Laboratory, and NASA Langley
Research Center (Aeronautical Systems Division).

| I

C
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Appendix I

SAFETY AND ENVIRONMENTAL ASPECTS OF
NUCLEAR-POWERED AIRPLANES

In Section IX we observed that the principal criteria for judging

the relative merits of the alternatives examined in this work have

been their cost- and energy-effectiveness in a variety of mission ap-

plications. We also noted that other attributes of the alternatives

(e.g., vulnerability) should either be taken into account or explicitly

included in the cost, energy, or effectiveness metrics. Accordingly,

Appendix H presented a qualitative discussion of several such auxiliary

issues. Of the issues examined, we believe that the potential safety

and environmental dangers associated with nuclear-powered airplanes are
a

the overriding concern. Associated with the fear of these dangers is
the possibility of domestic and/or international legal and political

obstacles to this application of nuclear power.

Although the safety and environmental issues raised in this ap-

pendix would be of prime importance if the development of a nuclear-

powered airplane were seriously contemplatea, significant additional

research and study is probably not required until nuclear aircraft

demonstrate a compelling attractiveness in terms of costs, energy

consumption, or mission effectiveness.

CLASSIFICATION Or jSUES

The safety issues associated with nuclear-powered airplanes can

be classified according to whether they primarily affect operational

personnel or the genral public. Assuming that the size requirements

for nuclear aircraft do not impose any unique safety problenw, the

major safety problems are those related to the potential release of

aA recent study by students at the Air Force Institute of Tech-

nology (AFIT) (10] has discussed many of these issues in some depth;
liberal use of their results has been made throughout this appendix.
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I

radioactivity. Adverse environmental effects may result from radio-

logical or thermal pollution associated with an airborne nuclear power

plant. (In this appendix, any radioactive release that does not di-

rectly affect military personnel or the public is considered as an

environmental effect.)

The safety and environmental issues to be examined are illus-

crated in Table I-i. The matrix elements with a "/" entry are jadged

to r'quire consideration. Note that the safety of operational per-

sonnel in a crash is not checked since we are concerned with the unique

problems presented by a nuclear-propulsion system. It is assumed that

in crashes, the characteristics of the nuclear aircraft would not pose

any important new problems for crew safety which would not be addressed

when considering public safety issues for such a situation.

Table I-1

CLASSIFICATION OF NUCLEAR AIRPLANE
SAFETY AND ENVIRONMENTAL ISSUES

Safety Environment

Radio-
Operational General Thermal logical
Personnel Public Pollution Pollution

Routine Operation / /?
Reactor Accidents
- in-flight / /
- on the ground V /

Crashes / /

The available knowledge about the potential dangers associated

with these issues is described below. Although some of the issues may

turn out to be unimportant with respect to nuclear-powered flight--

especially the environmental dangers associated with routine operation

--their importance in the debate over land-based reactors suggests that

these questions are likely to arise.

r~t ...
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ROUTINE AIRCRAFT OPERATION

Crew Safety

Crew safety during routine operation can be maintained either by

shielding the crew or by shielding the reactor. The design philosophy

in the Aircraft Nuclear Propulsion (ANP) program of the 1950s was con-

trolled by a severe gross-weight restriction and by lower-power-density

reactors; although it included some reactor shielding, it mostly stressed

flight-crew shielding. Radiation exposure for the ground crew would

have been sufficiently high to require special maintenance procedures

[128]. The elimination of the 500,000-lb gross weight limit on nu-

clear-powered aircraft designs led to a reconsideration of shielding.

For these larger aircraft, the divided-shield concept was dropped and

a unit-shield approach adopted [129]. Unit-shields prevent radiation

levels outside the reactor shield from exceeding some relatively low

level, usually the AECa dosage limit for full-time radiation workers

[130].

Assuming that a unit-shield design maintains exposure rates below

AEC industrial standards,

o What do we know about Cie effects of continuous

exposure to radiation for prolonged periods?

In the present work as well as in other recent investigations [101, a

maximum flight duration of 14 days (336 hours) has been suggested.

Rom and Finnegan mention 1000-hr exposures, but do not discuss whether

there is a qualitative difference between the continuous exposurcs of

flight crews and the interrupted exposures usually associated with the

occupational doses received by industrial workers only during working

hours (128]. Presumably, experience with the radiation exposure of nu-

clear submarine crews would be a guide In answering this question.

aThe U.S. Atomic Energy Commission doage limits are now the

concern of the Nuclear Regulatory Commission (NRC).

A t
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Public Safety

The divided-shield concept presented major public safety prob-

lems. The public would have been protected by limiting nuclear-

aircraft flights to well-defined isolated corridors 11311. The use

of the unit shield provides greater public protection in both rou-

tine and emergency operations.

The type of propulsion system used can also affect public safety.

In the original ANP program, direct and indirect cycle systems were

considered [132]. The direct cycle's thermodynamic efficiency exceeds

the indirect cycle's; however, when the air heated in a direct cycle

system passes through the reactor, it can pick up fission products.

r This unsatisfactory safety factor has led to an emphasis on the in-

direct cycle [25,112] for the following reason. In practice, a small

fraction of the fuel beads can be expected to fail. Such failures

can be hazardous with only one heat exchanger because they would re-

sult in the release of radioactive fission products into the atmo-

sphere; the indirect cycle, with two heat exchangers, precludes this.

Therefore, any nuclear-propulsAon system is likely to have the entire

primary loop within the containment vessel [25]. Applying the present

standards for the maximum dose rate to the general population,a the

recent AFIT study concludes that, with present reactor technology, a

reactor providing safe operation for the flight crew will not present

a hazard to the general populace either from effluent or direct radia-

tion [10].

The issue of what is a safe level of radiation dosage has yet to

be settled entirely, but the resolution of the potential problems men-I tioned above are based on a judgment of this "safe" level. For in-

stance, Rom uses 0.25 millirems per hour as an allowable dose level for

the general population [133] instead of the annunl limit mentioned in

the AFIT study [10].

aThe standard applied to light-water reactors was used, 5 millirem

per year [10].
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Thermal Pollution

The in-flight thermal effects of an individual aircraft are not

likely to be troublesome, but the effects of a fleet of nuclear-

powered aircraft might present a problem.

Earlier, the following question was raised:

o Could some number of aircraft at an airbase create

weather modifications similar to those that have

been considered in connection with nuclear-power

parks?

The thermal effects would be generated by the afterheat of shutdown

reactors. Muehlbauer describes the highest likely afterheat power as

7 percent of the full-power rating [25]. Assuming that aircraft pro-

pulsion reactors have 300 to 500 MWt of power, each while on the

ground could contribute as much as 21 to 35 MWt after full-power op-

eration. Thus, if 100 such airplanes were at one airfield, waste

heat on the order of 2000 to 3500 MWt could be rejected to the atmo-

sphere. This load on the atmosphere would be comparable to that im-

posed by a 1000 MWe power plant, a and Koening and Bhumralkar have

estimated that the atmospheric effects of a 1000 MWe plant are not
b

significant (1341. Since the aircraft would create only temperature

perturbations in the atmosphere and not moisture perturbations, the

effects probably would be even less significant. It is also exceed-

ingly unlikely that 100 aircraft of this size would ever be simulta-.

neously at the same base.

Radiological Pollution

Civilian nuclear-power reactors routinely emit small amounts of

radioactive gases [1021. However, monitoring by the U.S. Public Health

aWith a 33 percent conversion efficiency, a 1000 MWe plant rejects

2000 MWt of heat.
bThe limited area of the atmospheric perturbation is mentioned as

a contribution to the insignificance of the effects. The effect of
the larger area that the aircraft would cover is not clear.
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Service has indicated that they add to the environment only a minute

fraction of the amount of radioactivity present naturally (135]. In

the requirements Rom sets for practical, safe, and publicly accept-

able nuclear aircraft, he includes "no release of radioactivity in

normal operations" [134]. However, the AFIT study considers the re-

* 'lease of radioactive effluent by using the Peach Bottom HTGR as a

reference and by assuming that release would be directly proportional

to the operating power level. The study concludes that the effluent

rradiation for a fleet of 60 aircraft would be negligible [10].

The handling of the spent fuel may present a more severe routine

operational problem than the matter of radioactive effluents. Un-

fortunately, insufficient data on this issue are presently available.

Required data would include the quantity of waste generated and the

effect of the highly enriched fuel on the nuclear waste produced.

REACTOR ACCIDENT ISSUES

Here the term "reactor accidents" does not include crash situa-

tions; it is used to describe any release of radioactivity attribut-

able to the failure of an aircraft nuclear reactor to function
aproperly. These accidents could occur either while the airplane

is in flight or is on the ground.

In Flight

The safety of the flight crew appears unlikely to be endangered

by a reactor accident in flight, if the airplane can land quickly and

if the reactor is enclosed in a containn.ent vessel designed to with-I; stand a crash and a core meltdown. Such an accident might lead to an

unusual situation, for it appears to be the only case where there may

be a conflict between the proteeLion of the crew and the protection of

the public. The crew might need to continue flying so as to avoid land-

ing the airplane in a populated area. This might expose the crew to

aWe assume that when such accidents occur, the thermal effects
to the environment are unimportant.
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greater radiation than they would have had if they had landed imme-

diately, but would better protect the public.

Probability of Occurrence. The types of reactor accidents that

need to be considered include the loss of coolant accident (LOCA) and

accidents caused by transient events. (A transient event can be de-

fined as a condition imposed on the reactor coolant system that re-

sults in a demand for reactor shutdown.) The AFIT study, using the

estimates for pipe failure probabilities included in the recent

"Reactor Safety Study" (WASH-1400) [136], asserts that the probability

of a LOCA is negligible. However, this assertion could be questioned

in the following ways [10]:

o Are the WASH-1400 figures--which have been vigor-

ously debated 1531--firm enough to be used here?

o Even if one assumes that the figures are valid for

ground-based reactors, are they valid for airborne

reactors?

o If failure probabilities do differ, are the pipes

in an airborne reactor system more or less likely
to fail?

Transient events can be caused by a surge in power generation or

a reduction of cooling capacity. The AFIT study bases its transient

event work on WASH-1400 figures, and the WASH-1400 approach is based on

the historical record of ground-based power-generating systems. The

questions here are:

o Are the WASH-1400 figures valid for ground-based

reactors?

o If so, are they valid for airborne reaccors?

o If ground-based and airborne reactors differ, in

what ways do they differ?

Rom and Finnegan discuss another potential in-flight accident-

fuel pin leakage (126). They conclude that, in a direct-cycle system,
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even if as many as 100 fuel pin segments were to fail, the crew could

still tolerate 10 hours of exposure before receiving what the Federal

Radiation Council deems the maximum allowable dose level (25 rem per

accident). They also assert that past experience with fuel pins in-

dicates a "virtually zero" probability of even one fuel pin leaking

[128]. The indirect cycle clearly provides even greater margins of

safety in this regard.

So far, no mention has been made of how hostile actions would

affect the probabilities of system failures. The question here is:

o What are the conditional probabilities of radio-

activity being released given that the aircraftix is attacked?

There may be no reason for an enemy to attack a nuclear-powered air-

craft if to do so would result in the release of radioactivity on the

enemy's own forces, but to assume this is to assume rational behavior

(an heroic assumption once hostilities are under way). And the enemy

could, of course, attack the nuclear-powered aircraft when only

friendly forces would be exposed.

The circulation of hot fluids heated by the reactor and flowing

to the engine heat exchangers also introduces dangers not present for

conventionally powered aircraft, especially additional fire hazards

(NaK and Li both burn upon contact with air). These, however, may be
minimized by exercising judgment in the aircraft desigi; (e.g., in where

the engine is located).

Consequences. Except for the Rom and Finnegan discussion of

possible crew exposure from fuel pin leakage, no data on the poten-

tial danger to the public from in-flight reactor accidents has been

found. The AFIT work considers the probabilities of release from in-

flight accident to be trivial compared with the probabilties of an

impact-event. However, the consequences of such an In-flight accident

mu'it be considered:
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o Even though the probability of such an accident

occurring is relatively small, are its likely

consequences so great that the expected value of

the damage is of enormous importance (i.e., the

zero-infinity dilemma)?

On the Ground

Although this may not be an important class of accidents, mention

must be made of some potential problems that might result from acci-

dents to nuclear airplanes on the ground.

Probability of Occurrence. No data have been found that deal with

this issue. There is likely to be little chance of an accident causing

Sthe shutdown reactors of grounded aircraft to release radioactivity.
However, the following questions should be asked:

o Could a deliberate assault on a grounded nuclear

aircraft with its reactor shutdown cause a release

of radioactivity?

o Based on the experience of the early civilian nu-

clear reactor program, is there a greater chance

of releasing radioactivity during refueling than

at other times? (Can moving the reactor vessel

to specialized facilities significantly decrease

this probability? What has been the Navy's ex-

perience with refueling nuclear submarines?)

Consequences. In addition to questions of crew and public safety

that will be addressed in the next subsection, an accident at an air-

base might hinder normal base operations.

o Since one must evacuate an area when there is a

nuclear accident, what can be done if radioactivity

is released at an airbase?

If it is possible to cause a release, cannot one imagine a well-

placed shot disabling an entire base?
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CRASH ISSUES

The AFIT study concludes that th- overall probability of a re-

lease of radioactive material for a nuclear-powered aircraft is domi-

nated by the probability of a crash [10]. The AFIT work emphasized

ground-impact crashes, but mid-air impacts may also be important.

Mid-Air Incidents

Mid-air incidents include mid-air collisions and the aircraft

being attacked. Rom and Finnegan estimate that an emergency shutdown

would take something on the order of tens of seconds (128]. a A mid-

air collision would be likely to occur with no warning; the safety

systems for isolating the reactor might thus be damaged before they

could do their jobs. However, it seem reasonable to assume that future

collision-avoidance systems will be able to lower the probability of

such accidents.

For an attack on the aircraft, the warning time depends upon

numerous factors. Obviously, how successfully the reactor can be

shut down is a function of the type of attack.

Probability of Occurrence. For a mid-air collision, sufficient

warning time to shut down and/or isolate the reactor is the issue.

For an attack, the issues are:

o How much warning time can be expected before an

aircraft is hit in an attack?

o Would there be a trade-off between an evasive-

maneuvering capability and implementing shutdown

procedures for the reactor? (If there were no

way to avoid being destroyed, the aircraft would

isolate the reactor by closing the valves of the

containment vessel; since this would be irreversible,

the procedure would be undesirable if the airplane

could possibly survive the attack.)

o Could a hit penetrate the containment vessel?

-However, clever design of the emergency shutdoua system could

reduce the time required substantially.
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Even though the containmet.t vessel is designed to withstand

ground impact rather than possible penetration by a projectile,

penetration of it appears to be unlikely. Since a nuclear-powered

aircraft has one central heat source--the reactor-the engines are

likely to be as close as possible to the reactor for efficiency

reasons. Therefore, a heat-seeking device may come undesirably close

to the section of the fuselage where the reactor is housed. Data on

the battle experience of B-52s could be helpful in estimAting the

ability of large aircraft to sustain battle damage. However, the

different configura-tion of a nuclear aircraft might prove more haz-

ardous to the reactor than would be indicated by the B-52 data.

Consequences. The release of radioactivity in an air battle

raises a different set of issues than a release in peacetime.

o Can the ability to evacuate an area affected by a

radioactive release from a disabled nuclear air-

craft be assumed?

o What are the potential costs if a defense line had

to be evacuated?

o What would be the costs if there were no evacuation?

(Since some of the effects triggered by radioactivity

do not disable persons immediately, it is conceivable

that forces would be left in place and be exposed to

1. 'large doses of radiation.)

Obviously, hostile forces could be exposed to radiation as easily as

friendly forces. This might lead to the conclusion that nuclear-

powered aircraft would not be attacked if radioactivity might reach

the enemy. As mentioned earlier, however, it may be unwise to assume

such rational behavior.

Ground-Impact Incidents

The AFIT study presents the most comprehensive discussion presently

available of the chance of a nuclear aircraft crash. Using attrition

A: - - --
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data on bombers and cargo airplanes from the USAF Accident Bulletins

for 1961 through 1973, a normal distribution with a mean of 1.46 x 10- 5

per flight and a standard deviation of 0.348 x 10- 5 was found. With

this data, the nuclear aircraft's crash probability distribution per

flight (for a 330-hour flight) was derived. Its mean is 4.83 x 10- 3

with a 90 percent confidence interval of 3.07 x 10- 3 to 6.55 x 10- 3 [101.

Probability of Occurrence. In a crash of a nuclear-powered air-

craft, the event that can generate costs unique to a nuclear aircraft

is a release of radioactivity. The AFIT study describes the probability

of this event as dominated by three factors: (I) the probability of

the containment vessel's failing to withstand the afterheat transient,

(2) the probability of the containment vessel's failing to withstand

the impact, and (3) the probability of the failure of the containment

vessel's isolation system at cr before impact [101

The probability estimates of these factors were calculated with a

fault tree analysis based on the safety features assumed for the air-

craft. As the AFIT study points out, the precise determination of

such probabilities is impossible since some of the safety devices

(3u:h as the safety valves) do not exist.

o Given the lack of data on the safety system's

components, how much confidence should be placed

in the range of probabilities used by the AFIT

study?

At best, the data used by the AFIT study include crashes caused by

hostile action as a subset of all crash &tatistics.

o What is the conditional probability of the safety

system's failure given that the aircraft is attacked?

Consequences. In a worst case analysis, Rom and Finnegan esti-

mate that the general population within an area of 30,000 sq km down-

wind of the crash could receive a dose greater than the 10 rem allowed
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by the Federal Radiation Council. Under average weather conditions,

the area receiving radiation would be 12,000 sq km (4600 sq mi) [128].

Obviously, the consequences of a ground-impact and radioactivity

release are strongly dependent on population density near the crash.

Rom and Finnegan view the potential consequences of a release in a

populated area as so great that they feel that nuclear airplanes will

not be allowed to fly over populated areas unless "it can be demon-

strated that virtually no fission products will escape from the re-

actor in the most serious crash situation" [128].

The AFIT study develops a crash probability distribution for the.

entire United States, assuming no flight over areas with densities

greater than 10,000 people per square mile. Furthermore, a health

Seffects model was combined with a dispersion model and the population
model to derive a figure for the average number of deaths per accident;

the figure was 18.9 [10]. The study asserts, with 99.5 percent confi-

dence, that fewer than 865 fata-ities could be expected from a radio-

active release following a crash (for a 574-MWt reactor). The study

then estimates that using worst-case assumptions in its estimates of

core meltdown time, evacuation time, and the upper limit on fatal

whole-body dose, an individual's risk of death from a nuclear aircraft

is slightly greater than his risk of being killed by a meteor [10].

The risks are underestimated in the AFIT study, because it con-

siders only deaths that take place within 30 days of the release and

only immediate releases of radioactivity. Using only the early fatali-

ties to measure consequences produces a serious underestimation. WASH-

a1400 uses BEIR estimates of the magnitude of late somatic effects--

cancers induced years or decades after the radiation exposure--at 50

kto 165 deaths per million man-rem, respectively [136].

There is an element of conservatium in terms of the risks to the

U.S. population because the AFIT study assumes that all accidents occur

acommittee on the Biological Effects of Ionizing Radiations of the

National Academy of Sciences-National Research Council.
bThese effects could be interpreted as radiological pollution

effects rather than the "safety" (immediate) consequences addressed
by the AFIT study.
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in the conterminous United States. This assumption tends to overesti-

mate the expected consequences; the consequences of a radioactive re-

lease following a crash at sea are apparently much less severe. Rom

and Finnegan estimate the following results for a release of all fis-

sion products from a 250-MWt reactor operated for 1000 hours before

impact into the sea:

Submersion is no concern after one day (i.e., a
person could swim in the water directly in the spot
where the reactor impacted after one day). There
would be some local seafood contamination that would

l cause some economic loss in a localized region for
less than two months. In such an accident, only
noble (inert) fission gases escape to the atmosphere.
All other fission products condense or dissolve in
the water, causing the contaminations just mentioned.
The airborne dose from the noble (inert) fission gases
that would be released would be less than the allow-
able dose at a distance 5 mi downwind from the impact
point [128].

Questions related to the consequences of an impact release still remain:

o What are the full consequences that can be expected

from a release of fission products on land?

o Does the estimate of the results of impact on water

include possible concentrations of radioactivity in

the food chain?

*OBSTACLES TO UTILIZATION

Whatever the actual risks, there is a fear of nuclear energy that

exceeds the magnitude of effects encountered so far from any peaceful

use of nuclear power. This fear translates itself into political oppo-

sition to the use of nuclear power. Sometimes this opposition is to all

uses of nuclear power, at other times to military uses or to uses near

communities (i.e., "not in my neighborhood"). Opposition of this sort

exists both domestically and internationally.

Internationally, the negotiations and agreements undertaken to

obtain the right of nuclear submarines to enter foreign ports should
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contribute to an understanding of the problems likely to be encountered

when overflight and landing privileges are sought for nuclear-powered

aircraft.

In considering the use of nuclear-powered aircraft, it is impor-

tant to remember the possible impact of a serious nuclear accident on

a nuclear weapon system's capability to function. Any serious nuclear

accident, whether in the United Stites or elsewhere, whether related

to a nuclear-powered aircraft, a nuclear central power station, or

another source, can be expected to create strong pressure to ground

all nuclear-powered aircraft.

OPTIONS FOR ADDRESSING THE DANGERS ASSOCIATED WITH
NUCLEAR-POWERED AIRPLANES

If a fleet of nuclear-powered airplanes were desired because of

their unique mission capabilities, Lhe following options should be

considered:

1. Shutdown of reactors over land at all times.

2. Shutdown of reactors over and approaching land.

3. Shutdown of reactors over land except during

emergcncies.

4. Flying of aircraft without reactor except during

emergencies and over-water training exercises.

5. Limiting the hours of reactor operation before

flying over land.

6. Developing amphibious aircraft or pure seaplanes

Ps nuclear aircraft.

7. Utilizing special airfields located at sea.

The first three options are aimed at decreasing the danger of a radio-

active release if there is a crash on land. Adapting the Way-Wigner

formula, a statistical rule-of-thumb expression for the energy from

fission products (131], the AFIT study derives a formula to estimate

the radioactivity as a function of time after reactor shutdown,
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A

A fiAO t -0.2

where A0 is the radioactivity at shutdown, and t is time since shutdown

(seconds). This approximation is useful for the 24 hours after shutdown

[10]. Using this approximation, the radioactivity should decrease to

less than 20 percent of its initial value one hour after shutdown.

Therefore, reactor shutdown appears to be a useful way to decrease

the possible consequences of a failure of the system containing the

fission products.

Option 4 would elimin:Le the danger of nuclear accidents during

routine operations. It might be particularly attractive if the grounded

reactors could be used for other purposes. Option 5 might limit the

ability of nuclear-powered aircraft to perform the missions for which

they are uniquely qualified. Options 6 and 7 would decrease the dan-

-' gers of takeoffs and landings, but might limit the areas which could

:7 t be served by nuclear cargo airplanes.

RECOMMENDATIONS FOR RESEARCH

The literature on the safety of nuclear aircraft includes many

hypothetical estimates and many fairly arbitrary standards. Before

proceeding with the development of nuclear-powered aircraft, research

is required to increase confidence in these estimates and standards.

Muehlbauer presents the following tasks for the technological research

on safety (25]:

o Develop and demonstrate containment vessel design

method

o Design and demonstrate emergency valves for contain-

ment vessel penetrant lines

o Demonstrate proposed safeguards to prevent accident

criticality

o Complete analysis of accidents involving soil burial

of reactors
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Mills recommends research on core meltdown and containment vessel

integrity from impact and meltdown [111]. Until these tasks have

been completed, it is difficult to view the failure-probability

estimates as anything more than educated guesses; planning, there-

fore, should be based on operating such aircraft in such a way as to

minimize the worst possible consequences (according to criteria not

yet developed) of an accident.

In addition to the investigation of technological problems,

research is needed on the political issues associated with nuclear

aircraft. The difficulties encountered with nuclear submarines and

the ways that these difficulties were overcome should provide some

guidance on problems that might be met in connection with a nuclear

airplane fleet. How civilian nuclear power within the United States

progresses should provide some indication of domestic attitudes

towards nuclear aircraft.

Before a decision to develop nuclear-powered aircraft is made,

therefore, major technological and political research is required.

Such a research program must determine:

1. The technical feasibility of the containment of

radioactivity in the event of an accident,

2. The safest reactor type for airborne use, and

3. The political feasibility of such aircraft.

.... . .. .. . __ _ ..-
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GLOSSARY

ACL Allowable cabin load

AFIT Air Force Institute of Technology

AFSC Air Force Systems Command

AGE Aerospace ground equipment

ALCM Air-launched cruise missile

ALMR Airborne liquid-metal reactor

AMPR Aircraft Manufacturer's Planning Report

AMST Advanced medium STOL transport

APOD Aerial port of debarkation

APOE Aerial port of embarkation

ASD Aeronautical Systems Division

ASW Antisubmarine warfare

ATCA Advanced tanker/cargo aircraft

AWACS Airborne warning and control system

Btu British thermal unit

C3  Command, control, and communications

CER Cost estimating relationship

CONUS Continental United States

CRAF Civil Reserve Air Fleet

DoD Department of Defense

E.P.R. Engine pressure ratio

ERDA Energy Research and Development Administration

FH Flying hours

HTGR High-temperature gas reactor

ICBM Intercontinental ballistic missile

IFR In-flight refueling

IOC Initial operational capability

ISI Initial support increment

JP Jet petroleum (JP is the military designation for conven-

tional jet fuels currently derived from crude oil)
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LCH4  Liquid methane

LH2  Liquid hydrogen

LMFBR Liquid-metal fast breeder reactor

LOCA Loss-of-coolant accident

LWR Light-water reactor

MAC Military Airlift Command

MMBtu Million Btu

MQT Model qualification test

MWe Megawatts-electric

MWt Megawatts-thermal

NRC Nuclear Regulatory Commission

O&S Operating and support

OPEC Organization of Petroleum Exporting Countries

OR Operational readiness

Quad One quadrillion (i.e., 1015) Btu

R&D Research and development

RDT&E Research, development, test, and evaluation

rem Roentgen equivalent man

RPV Remotely piloted vehicle

SAC Strategic Air Command

SLS Sea-level static

STOL Short takeoff and landing

SWU Separative work units

T.I.T. Turbine inlet temperature

TOA Time-of-arrival

TOGW Takeoff gross weight

TSFC Thrust specific fuel consumption

UE Unit equipment

UTE Utilization

VLA Very large airplane
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